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The mineral processing industry has seen an increased use of vertical stirred mills, owing 
to the ineficiency of ball mills for fine grind applications. The difficulty encountered in fine 
grinding is the increased resistance to comminute small particles compared to coarse particles. As 
a result, increased energy inputs are necessary to raise the number of collisional events in a mill 
contributing to the comminution of fine particles.  
In this study, a research program was designed and implemented to predict the performance 
of a laboratory scale vertical stirred mill using a Bond ball mill. An energy-based population 
balance model was developed to analyze the response in product size resulting from changing 
operating conditions. The model prediction was compared with the results obtained in the 
laboratory vertical stirred mill. The grinding results show that changes in the feed size, stirring 
speed, and grinding media size are the primary parameters affecting the particle breakage rate. The 
test data also show that a finer product size is obtained when the mill operates at higher stirring 
speeds while using smaller grinding media. Samples collected from an industrial vertical mill were 
used to validate the model proposed in this study. Lastly, a numerical model was developed using 
Discrete Element Method (DEM) and calibrated in terms of power with the results obtained from 
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1.1 Research Motivation 
In the last decade, there has been an increase in demand for fine grinding due to the 
depletion of coarse-grained orebodies and an increase of processing finer disseminated minerals 
and complex ore bodies (Partyka & Yan, 2007). These ores have provided new challenges in 
concentrator design because fine and ultra-fine grinding is required to enhance acceptable recovery 
rates. The smaller the size necessary to achieve liberation, the higher the energy required in the 
comminution process. Therefore, the correct design of a grinding circuit is essential to minimize 
costs and increase product quality.  
Comminution is inherently energy inefficient and is responsible for the majority of the 
energy consumed by the mining industry (Tromans, 2008; EIA, 2017). Mining mineral resources, 
such as coal, metals, minerals, sand and gravel consumes significant energy. Grinding and crushing 
of ores is the most energy-intensive step in mining, and accounts for approximately 55% of the 
total energy consumed by metal mining operations (U.S. Department of Energy, 2007). 
Over the last few decades, a wide range of commercial equipment has been developed to 
help minimize the operating cost and optimize the processes of fine comminution. The stirred 
grinding mills are an example of one such more efficient comminution device. Stirred grinding 
equipment, such as the Vertimill™ manufactured by Metso Minerals, and the Tower Mill®, an 
Eirich Co. equipment, have been effectively used for fine grinding in the minerals industry for 
several decades. The first use of a vertical stirred mill was in the 1950s. The first tower mill was 
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developed by the Japan Tower Mill Company Ltd., later renamed the Kubota Tower Mill 
Corporation (KTM) (Rocha, et al., 2018).  
The Vertimill is a relatively newer technology that was developed during the 1990s. The 
Vertimill and the Tower Mill have similar configurations; they consist of a stationary vertical 
chamber, an internal double helical low speed screw agitator driven by a motor, a classifier, and a 
recycle pump. Both are gravity-induced mills that use high-density grinding media as the charge. 
The rotating and lifting action generated by the helical agitator is responsible for the grinding 
media movement and grinding mechanism within the mill (Stief, Mehta, & Herbst, 1987). The 
main difference between the two mills is that the Tower Mill, now produced by Eirich Co., uses 
an internal chamber wall grid liner to protect the inner wall of the equipment while the Vertimill 
uses a magnetic lining which attracts the ferromagnetic grinding media forming a continuous self-
renewing wear layer, thus protecting the mill chamber. 
The U.S. National Research Council (NRC) states the “technologies used for secondary 
and fine grinding processes are inefficient and limited, despite the progress achieved with stirred 
vertical mills rotated by an impeller, such as the Vertimill” (National Research Council, 2002). 
Gains can still be achieved in this area in order to reduce the specific energy consumption. Other 
authors indicate that the grinding technology used in vertical mills will be critical to minimize 
energy expenditure in the comminution process (Jankovic, 2003; Marsden, 2009; Daniel, 2011; 
Rule & Neville, 2012; Napier-Munn, 2012; Roitto, Lehto, Paz, & Astholm, 2013).  
1.2  Problem Statement 
The strength of rock particles increases with reduction of particle size due to a decrease in 
the probability of internal flaws. Therefore, the power consumed in the grinding process is 
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expected to increase when the required final product size decreases. For fine and regrinding 
applications, stirred grinding mills are generally preferred over the use of ball mills on the basis of 
energy efficiency (Bergerman, 2013). Mazzinghy, et al., (2015) claims that vertical stirred mills 
can reduce the energy consumed in fine grinding operations by approximately 35%. 
A challenge associated with any comminution process is the ability to predict the product 
particle size distribution as a function of changing operating conditions. One tool used by the 
mining industry to predict particle size distribution from grinding events is the Population Balance 
Model (PBM). Performing tests required to calibrate a PBM can be time consuming, and the 
industrial application of the method is often limited due to lack of equipment to perform the tests 
or trained personnel to develop the breakage models. Currently, vertical stirred mills are designed 
with an acceptable level of accuracy by running pilot testing. Another option is to apply an 
efficiency factor to the power result obtained by grinding in a ball mill (Mazzinghy, 2012). The 
latter is being widely used, as experience has shown vertical stirred mills are approximately 35% 
more energy efficient than ball mills for a wide range of applications (Mazzinghy, et al., 2015). 
Published data shows the gains associated with using vertical stirred mills for fine grinding 
applications can range from 15% to 55% (Shi, Morrison, Cervellin, Burns, & Musa, 2009; 
Bergerman, 2013; Metso, 2012; Stief, Mehta, & Herbst, 1987; Pena, 1992). This range of results 
is the likely consequence of differences in equipment energy efficiencies and a general lack of 
confidence in the technology. This underscores the need to conduct research in this area to increase 
the overall understanding of stirred grinding and how energy gains can be achieved without 
adversely affecting the tonnage capacity required by mining operations. 
4 
 
 The higher efficiency of stirred mills and the lack of confidence by mining companies in 
adopting the technology are the main drivers behind the research shown in this dissertation. A 
preliminary test procedure to predict product particle size distribution from a vertical stirred mill 
using a Bond ball mill was developed. The test aims to show the possibility of using an easily 
accessible mill to predict the performance of vertical stirred units. An initial simulation study of 
the comminution mechanism in vertical stirred mills utilizing the Discrete Element Method (DEM) 
was also investigated. The application of DEM is growing in the mineral processing industry, and 
it has been successfully used to simulate charge behavior, power draw and liner wear in ball mills 
(Cleary, 1998). 
1.3  Objectives 
The general goal of this research is to evaluate the vertical stirred mill technology in terms 
of energy consumption when applied to the fine comminution of ores. The specific objectives of 
this study are to:  
(1) determine the influence of grinding media size, feed size and stirrer speed on particle 
size reduction and energy consumption in a laboratory vertical stirred mill;  
(2) develop particle breakage models as a function of operating conditions; and 
(3) evaluate the use of a Bond ball mill to predict the product particle size distribution from 
a vertical stirred mill. 
Initially, laboratory-scale tests were conducted in a Bond ball mill and in a vertical stirred 
mill using an aggregate sample. Different feed sizes, stirrer speeds, and ball sizes were tested in 
the vertical mill and the results for power and product size distribution were collected. Different 
feed sizes of the same aggregate sample were also tested using a Bond ball mill to identify any 
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grinding performance similarity to the vertical mill. Particle breakage models were then developed 
by estimating the aggregate sample’s breakage parameters from both Bond and vertical stirred 
mills. The procedure using a Bond ball mill to estimate the breakage parameters from a vertical 
stirred mill was validated by carrying-out a sampling survey program at a copper mineral 
processing plant located in Arizona that currently uses a 650 horsepower (HP) Vertimill.  
1.4  Thesis Structure 
The thesis outline is as follows: 
Chapter 1 presents the motivation to conduct the research proposed in this study, the 
general and specific objectives, and the thesis structure. 
Chapter 2 reviews the relevant literature available on stirred mills, size reduction and power 
modeling, and the effect of operating conditions on power and product size. 
Chapter 3 describes the equipment, samples and procedures used to develop this study. A 
detailed description of the laboratory vertical stirred mill manufactured for this research is 
provided. 
Chapter 4 presents the results obtained for power draw when varying operating conditions 
in a laboratory vertical stirred mill. 
Chapter 5 describes the breakage models developed using a vertical mill as a function of 
operating conditions. The breakage parameters obtained from an aggregate sample are presented 
and discussed.  
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Chapter 6 presents the results obtained using a Bond ball mill to model the grinding 
behavior of an aggregate sample. This chapter presents the possibility of using a Bond ball mill to 
scale up vertical stirred mills based on correlations obtained from the specific selection functions. 
A case study using a Vertimill 650HP is presented. The procedure of using a Bond ball mill to 
predict grinding from a vertical stirred mill is validated. 
Chapter 7 presents the findings obtained by using the Discrete Element Method to analyze 
the grinding environment of a vertical stirred mill. The model calibration procedure and its validity 
in optimizing grinding in terms of power draw are presented. 
Chapter 8 summarizes the conclusions obtained from this study. Recommendations for 
future study are also provided in this chapter. 
The data obtained from the grinding tests are presented in the appendices and are numbered 





In the minerals industry, comminution refers to the process of particle size reduction with 
the objective of mineral liberation. The comminution processes can utilize blasting, crushing and 
grinding mills. The primary particle breakage mechanisms are (1) attrition, (2) impact and (3) 
compression (Kelly & Spottiswood, 1982). Breakage by attrition refers to the application of low-
intensity stress to a particle. In this mode of fracturing, the force exerted is not sufficient to break 
the entire particle. Therefore, several stress events may be necessary to cause complete particle 
breakage. For compression and impact, the overall stress is large enough to exceed a critical value 
and disintegrate the whole particle into smaller fragments. The energy efficiency of a breakage 
process depends on the fraction of stress events that can reach a critical value to cause a particle 
to break. The number of stress events in which the stress intensity is above or below the critical 
value leads to process inefficiency. 
Particle grinding consumes a large amount of energy and is a suitable target for significant 
cost savings. The energy consumption also increases with a decrease in the required product 
fineness due to (1) an increased resistance of smaller particles, and (2) a lower probability of 
capturing a small particle for breakage between two grinding media. In the last decade, there has 
been an increase in demand for fine grinding due to the depletion of coarse-grained orebodies and 
an increase of processing fine disseminated minerals (Jankovic, 2000; Jankovic, 2003; Roitto, 
Lehto, Paz, & Astholm, 2013). Finely disseminated ores have provided new challenges in 
concentrator design because fine grinding became required to achieve acceptable recovery rates. 
Stirred milling technology has been firmly established in the last few decades as superior to ball 
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mills for fine and regrinding operations due to its higher energy efficiency (Stief, Lawruk, & 
Wilson, 1987; Stehr, Mehta, & Herbst, 1987; Jankovic, Valery Junior, & La Rosa, 2006; Sachweh, 
2010; Rule, 2009). According to Altun et al. (2013), this higher energy efficiency is related to the 
attrition breakage mechanism and its operating characteristics. Stirred mills are now commonly 
used in many sectors of the mining industry, though they have been used in other industries for 
many years (Stehr & Schwedes, 1983). Figure 2.1 shows an average energy consumption 
comparison between stirred mills and ball mills as a function of product size.  
 
Figure 2.1 Average energy consumption comparison between stirred mills and balls mills 
for different product sizes (Jankovic, 2003) 
 
Processing experience has shown that stirred mills presented an average of 30% energy 
savings for products less than 100μm (Shi, et al., 2009; Nitta, et al., 2002). Energy savings was 
also experienced when using vertical stirred mills for coarse feed sizes (Metso, 2012).  
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2.2 Fine Grinding 
The mining sector is one of the highest energy consumers in the United States. 
Comminution alone is responsible for the consumption of approximately 2% of all the electric 
energy produced in the world, the equivalent of 15 to 29 billion kWh/year (Fuerstenau & Han, 
2003). Grinding of iron and copper ores requires the most energy, with a total of 6.9 billion 
kWh/year used (Fuerstenau & Han, 2003). According to Napier-Munn et al. (1999), grinding 
processes offer the highest potential for energy savings. Optimization of grinding in order to reduce 
energy consumption can be achieved through the introduction of new technology; or by improving 
operating conditions in the existing technology (Napier-Munn, Morrel, Morrison, & Kojovic, 
1999). Recent studies have shown that approximately 30% of energy savings can be obtained by 
optimizing the operating conditions in existing grinding circuits (Donda, 2003; Bergerman, 
Delboni, & Nankran, 2009; Bergerman, 2013). 
In fine grinding, four factors were identified by Schonert (1990) as the leading causes for 
an increase in energy consumption: 
1) The breakage resistance of particles increases with size reduction. Therefore, the stress 
intensity caused by the grinding media should be high enough to cause particle fracture. 
2) Brittle materials deform plastically below a specific size range. 
3) Medium drag forces determine particle motion as the particles decrease in size. 
Therefore, the chances of capturing a fine particle between two grinding media 
decreases. 
4) Adhesion forces can cause agglomeration of fines and promote coating of the grinding 
media surface. Therefore, the stress intensity during collisions decreases. 
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Figure 2.2 shows the relationship between particle size and particle strength for eight 
different materials. The increased strength with particle size reduction is evident for all materials 
tested; therefore, mill energy consumption is expected to increase with a decrease in particle size.  
 
Figure 2.2 Particle size and particle strength relationship (Schonert, 1990) 
 
The use of water and chemicals additives is known to reduce the required breakage energy 
(Hartley, 1978).  In the presence of water, chemical additives can penetrate a crack and reduce the 
bond strength at the particle tip before fragmentation (Wills & Napier-Munn, 2015). The use of 
water in stirred milling for fine grinding processes helps to eliminate dust problems, decrease 
agglomeration, lower the required power per ton of product, increase mill capacity and generate 
control of the transport behavior of the product particles.  
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There are a number of equipment items used for fine grinding operations where the 
required product size is below 100μm. Grinding mills are generally classified into two types 
according to the way motion is imparted to the charge: (1) tumbling ball mills, and (2) stirred mills 
(Wills & Napier-Munn, 2015). Despite poor energy efficiency, ball mills have historically been 
used for fine grinding in a multitude of applications due to industry familiarity and its proven 
capabilities. 
2.3  Tumbling Ball Mills 
Ball mills have been conventionally used for fine grinding (Shi, Morrison, Cervellin, 
Burns, & Musa, 2009), even though the specific power consumption increases exponentially as 
particle size decreases. The criteria for evaluating the efficiency of a grinding equipment is based 
on assessing specific energy utilization and product quality information. One way to increase this 
equipment efficiency when applied for fine grinding is the use of two chambered ball mills (Wills 
& Napier-Munn, 2015). In this case, the grinding media size can be adjusted to the material size 
in each chamber and, therefore, improving the equipment breakage rate and energy utilization.  
The main breakage mechanisms in tumbling mills are impact and attrition (Napier-Munn, 
et al., 1999). The breakage of the feed material happens by capturing a particle between the 
grinding media or in between the grinding media and the liner. Ball mills with higher length-to-
diameter ratios are preferred for fine grinding to increase the material’s retention time, thus 
increasing the probability of capturing a particle for breakage. During operation, the grinding 
media may contact each other several times before capturing a particle and breaking it. The media-
media, and media-liner contacts that occur inside the mill significantly decrease the efficiency of 
the equipment.  
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According to Jankovic (2003), the use of ball mills is not economical for product sizes less 
than 30µm. One reason for its lower efficiency is that these mills are limited to the use of fine 
grinding media. The lower size limit of grinding media in ball mills varies from 10 to 15mm 
(Bergerman, 2013). The use of ball mills for fine operations has been decreasing over the last few 
years. Although new technologies, such as stirred grinding milling, have demonstrated an 
applicability and energy efficiency for fine ore comminution, many industries are still installing 
ball mills for fine grinding circuits when high production capacity is required. 
2.4  Stirred Mills 
Stirred mills are mainly dedicated to fine and regrinding operations. In this equipment, 
grinding media, such as stainless steel, ceramic or glass are used to break the particles. The 
grinding chamber is stationary, and a stirrer is used to provide motion to the media.  
 




The basic operation method of stirred mills has been known for almost 80 years, but only 
recently they have been firmly established for fine operation in the mineral processing industry. 
Although a wide range of stirred mills exists, they can be generally classified in three categories: 
(1) low-speed vertical mills, (2) horizontal stirred mills, and (3) high-speed vertical mills 
(Jankovic, 1999). Figure 2.3 shows three different grinding mills that best exemplify the existent 
categories of stirred milling.  
2.4.1  Low Speed Vertical Mills 
The first low-speed vertical stirred mill, the Tower Mill, was the first vertical grinding mill 
to be used in the mining industry (Stief, Lawruk, & Wilson, 1987). The Tower Mill is comprised 
of a helical screw stirrer that is used to move charge during operation (Napier-Munn & Wills, 
2006). The rotating and lifting action generated by the helical agitator is responsible for the 
movement of the grinding media and the grinding mechanism within the mill (Stief, Lawruk, & 
Wilson, 1987). Gravity limits the stirrer speed in a Tower Mill, and this implies that the speed 
should not increase to the extent that internal vertical forces exceed the gravity force. If this occurs, 
the media will move upwards and will overflow with the product. Thus, the grinding efficiency 
will be adversely impacted. 
In the Tower Mill, the grinding media used are steel balls or pebbles. Typical media size 
ranges from 6 to 40mm (Lichter & Davey, 2006). The fine ground particles are carried upwards 
by pumped liquid and overflow to a classifier (Wills & Napier-Munn, 2015). After classification 
occurs, the coarse particles return to the bottom of the mill chamber. The final classification is 
usually accomplished using hydrocyclones where the overflow is the final product, and the 
underflow returns to the comminution process. Duffy (1994) investigated the media motion in a 
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transparent laboratory vertical stirred mill to analyze media flow behavior. This study revealed the 
existence of an upwards and downwards flow of the media, as well as a decrease in the media 
tangential velocity outside the agitator area. Figure 2.4 shows the media flow and velocity profile 
described by Duffy (1994).  
The Vertimill is a modified and improved version of the Tower Mill and was developed by 
Metso, Inc. in the 1990s (Kalra, 1999). The Vertimill and the Tower Mill have similar design 
configurations. These mills are typically operated in a closed circuit, where the non-comminuted 
product material returns to the mill. The efficient operation of grinding mills requires that 
parameters such as feed rate, feed size distribution, solids concentrate, slurry density, grinding 
media size distribution and applied grinding power should be continuously monitored and adjusted 
for better grinding results. Also, a systematic analysis of the breakage mechanism relative to the 
operating parameters is essential to enable the proper selection of a grinding mill for a specific 
material type. 
According to Napier-Munn et al. (1999), the main breakage mechanism in the Vertimill is 
attrition due to the movement imposed on the media by the low-speed agitator. Compression and 
shear failure also occur (Stief, Lawruk, & Wilson, 1987). According to Sinnot et al. (2009) and 
Sachweh (2010), most of the comminution occurs at the bottom of the chamber due to higher 
pressures exerted by the grinding media in this region. Andreatidis (1995) and Parry (2006), 
indicate that the breakage mechanisms in a low speed vertical stirred mill are attrition and impact. 
Metso (2012) shows that the predominantly breakage mechanism is attrition, although some 




Figure 2.4 Media flow and velocity profile in a vertical stirred mill (Duffy, 1994) 
 
Vertical stirred mills require less floor space than tumbling ball mills for a comparable 
operation. Sachweh (2010) determined that the installation area necessary for a vertical stirred mill 
is 50% to 70% less than the required floor space for a tumbling ball mill. Sachweh (2010) also 
documented that noise during vertical stirred milling operation is reduced up to 25% as compared 
to a ball mill. Tower mills are characterized by low maintenance and operating costs, as well as 
electric power consumption about 60% of that of a ball mill for a comparable operation (Nitta, 
Fuyurama, Bissombolo, & Mori, 2006). 
Approximately 67% of all the Vertimills in operation around the world are used for 
regrinding operations, 24% are employed as secondary or tertiary grinding equipment, 2% are used 
for lime grinding, and 7% for other operations (Bergerman, 2013). Currently, the largest Vertimill 
installation in the world is the Minas-Rio project, an Anglo American property located in Brazil. 
The operations started in 2014 with a designed production of 24.5 Mt/year of pellet feed, obtained 
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by processing an itabirite iron ore (Mazzinghy, et al., 2015). Figure 2.5 shows the regrinding circuit 
at the Minas-Rio project in Brazil. 
 
Figure 2.5 Minas-Rio regrinding circuit at Anglo American in Brazil (Mazzinghy, et al., 2015) 
 
 
2.4.2  Horizontal Stirred Mills 
Typically, horizontal stirred mills are used in ultrafine grinding due to the high amount of 
energy provided to the particles. The most common example of a horizontal stirred mill is the 
IsaMill™ produced by Glencore Technology.  
The IsaMill has a low throughput, and it is applicable for ultrafine grinding, typically below 
15µm, where high energy input is required (Jankovic, 2008). The IsaMill grinding chamber is a 
horizontally mounted shell, with a total volume of 46,000-liters in the currently largest IsaMill 
M50000 (Isamill, 2017). Inside the shell, there are rotating grinding discs mounted on a central 
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shaft connected to a motor. The discs are responsible for agitating the particles, media, and water 
inside the mill to promote comminution while rotating at high velocities. The discs’ rotational 
speed ranges from 19 to 22 meters per second (m/s). The breakage mechanism is by attrition at 
relatively low power consumption (Wills & Napier-Munn, 2015). At the discharge end of the 
equipment, a patented separator is responsible for separating the fine product from the coarse 
medium through centrifuged action. The coarse medium is then retained and pumped back to the 
feed end of the mill. The IsaMill can operate with finer media than in tower mills, 1 millimeter 
(mm) in contrast with 12 to 25mm (Isamill, 2017). It is claimed that this equipment can efficiently 
break particles to a product size of 7µm (Isamill, 2017). Figure 2.6 shows a schematic of the 
IsaMill grinding mechanism. 
 




2.4.3  High-Speed Vertical Mills 
The Outotec HIGmill™, the FLSmidth VXPmill® and the Metso SMD™ are examples of 
high-speed vertical stirred mills. Suspension and complete mixing of grinding media and slurry 
happen in these high-speed fluidized mills. This phenomenon causes particles and grinding media 
to be constantly in contact with each other, resulting in size reduction by attrition.  
The Outotec HIGmill (High Intensity Grinding Mill) is a high-speed vertical disc stirred 
mill where the number of discs can be changed depending on the product size requirements and 
feed characteristics. In this mill configuration, stationary discs are placed in between each rotating 
disc. The HIGmill was developed by Outotec Ltd in 2012 (Roitto, Lehto, Paz, & Astholm, 2013). 
The equipment is a tall and narrow mill; feed enters the bottom of the chamber and grinding occurs 
by attrition as the flow reports to the top of the unit. An internal classification occurs inside the 
mill, where finer particles move upwards rapidly while larger particles remain inside the mill for 
a longer period. There is a hydro-classifier located at the top of the unit to ensure no grinding 
media leave the system with the final product. Grinding media sizes range between 1 to 6 mm and 
can be either ceramic or steel (Wills & Napier-Munn, 2015). The grinding process is typically 
operated in an open-circuit configuration. The mill has a variable speed drive that enables it to 
adjust the discs’ speed and power draw in an extensive range, allowing it to adapt to variations in 
process conditions.  
The largest HIGmill in operation has a 30,000-liters chamber with a corresponding drive 
force of 5,000 kW (Outotec, 2017). The equipment is typically applied for regrinding concentrates. 
There are now more than 260 units installed around the world (Outotec, 2017). Figure 2.7 shows 




Figure 2.7 HIGmill and media flow schematic (Roitto, Lehto, Paz, & Astholm, 2013) 
 
The FLSmidth VXPmill is a vertical stirred mill that, according to Rahal, Erasmus and 
Major, has been proven to be efficient in promoting fine and ultrafine grinding (Rahal, Erasmus, 
& Major, 2011). The equipment, developed by Deswik Ltd. in South Africa to produce fine 
pigments, was advanced in 2011 through a joint venture between Deswik Ltd. and Knelson. 
FLSmidth then acquired this joint venture in September 2011 (Reddick, Rahal, Hines, & Shah, 
2014). In this unit, the feed material enters at the bottom, and it overflows at the top where a screen 
separates the coarse medium from the fines. The agitator is comprised of removable discs and 
spacers that can be adjusted based on the desired size of the final product. Average tip speeds vary 
between 10 and 12 m/s. Ceramic grinding media ranging from 1.5 to 12 mm is typically used. The 





Figure 2.8 FLSmidth VXPmill design (FLSmidth courtesy) 
 
The Metso SMD (Stirred Media Detritor) consists of an octagonal vertical chamber 
supporting a suspended internal multi-armed pin impeller. It was first developed in the United 
Kingdom by English China Clays International; the company later licensed the Stirred Media 
Detritor technology to Metso Minerals (Wills & Napier-Munn, 2015). Slurry is fed through the 
top, and the ground product is discharged by passing through retention screens located at the top 
half of the unit. Natural silica or ceramic grinding media is typically used. The amount of grinding 
media within the unit controls the power draw of the mill (Ntsele & Allen, 2012). The mill can 




Figure 2.9 General overview of the Metso SMD (Metso courtesy) 
 
2.5  Scale-up Methodology of Vertical Mills 
The size selection of vertical mills is mainly done by pilot-plant testing. In this process, 
pilot-scale units of hydrocyclones or screens, feeders, pumps and a vertical mill are used to 
simulate a continuous industrial operation of a circuit. High quantities of material are necessary to 
operate the pilot circuit continually and to quantify the required power to achieve a specific product 
size. All operating conditions are controlled during pilot testing, and the net power draw is 
determined only when a constant circulating load is achieved. 
Metso developed a methodology for the selection of Vertimills using a laboratory-size jar 
mill. The jar mill test uses a 203 x 254 mm smooth lining jar mill loaded with 15.9 kg of 19 mm 
steel balls. Typical slurry content is 60% or 70% by weight depending on the material 
characteristics. The mill rotates at 71.3 rpm, and the results for torque and product size distribution 
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are collected for different grinding times (Gupta & Yan, 2016). The results are interpreted by 
Metso to determine the specific energy for a target P80 size. It is assumed that the Vertimill is 
approximately 35% more energy efficient than a ball mill (Bergerman, 2013; Mazzinghy, 2012).  
Therefore, a factor of 0.65 is multiplied into the specific energy obtained from the Jar Mill Test to 
determine the Vertimill’s specific energy. 
2.6  Numerical Simulation of Vertical Mills 
In recent years numerical simulation of comminution equipment has received significant 
attention since grinding mills are the most energy-intensive element of the mining cycle. The Bond 
Work Index has little use in simulation, as it does not predict the effect of operating parameters, 
performance, or the product particle size distribution (Wills & Napier-Munn, 2015).  
2.6.1  Power Draw Modelling 
There are currently few equations used to predict power draw in a vertical stirred mill. The 
accuracy of the models is not yet applicable to the high-capacity mills, although validation has 
been conducted for small-scale equipment. 
Duffy, 1994 
Duffy developed an empirical equation in 1994 to predict the grinding net power draw of 
a vertical stirred mill. The equation was based on the power draw obtained from five different 
operations. The operations consisted of one pilot-scale plant and four industrial-scale plants. 
𝑃𝑛𝑒𝑡 = 0.0743 𝐻 𝑤 𝑝𝑔 𝑑0.111 𝐷𝑠3.06 𝑇𝑠0.572                                      (2.1) 
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Where 𝑃𝑛𝑒𝑡 represents the grinding net power (kW); 𝐻 is the height of the grinding media 
inside the mill chamber (m); w is the angular velocity of the stirrer (rpm); d is the ball size (mm); 𝑝𝑔 is the grinding media effective density (t/m3); Ds represents the stirrer diameter (m); and Ts is 
the number of stirrer spirals. 
The effective density of the grinding media inside the mill can be calculated based on 
Equation 2.2. 
𝑝𝑔 = 𝑝𝑏(1 − 𝜀) + 𝜀𝑝𝑠                                                     (2.2) 
Where 𝑝𝑏 is the density of the balls used as grinding media (t/m3); 𝑝𝑠 is the slurry density 
(t/m3); and 𝜀 is a measurement of porosity (dimensionless). 
This study also developed an equation to predict the equipment net power without the 
presence of grinding media, water and solids: 
𝑃𝑒𝑚𝑝 = 0.000134 𝑤 𝑊 𝐷𝑠0.570                                              (2.3) 
Where 𝑃𝑒𝑚𝑝 represents the net power when empty (kW); and 𝑊 is the stirrer weight (kg). 
The equation to predict power draw in a vertical stirred mill assumed that power was 
directly proportional to the stirrer speed and grinding media density. The accuracy of the results 
obtained using Equation 2.1 showed a good fit with the results obtained from the operations 





Jankovic and Morrel, 1997 
Jankovic and Morrel developed an empirical equation in 1997 to predict the net grinding 
power of a vertical stirred mill based on the measurement of the power draw of 58 different 
operations. The operations consisted of laboratory, pilot, and industrial-scale plants.  
𝑃𝑛𝑒𝑡 = 2.05𝑝𝑔𝐷𝑠1.96𝜃0.65𝐻0.98𝑑0.171000                                                    (2.4) 
Where 𝑃𝑛𝑒𝑡 represents the grinding net power (kW); 𝑝𝑔 is the grinding media effective 
density (t/m3); Ds is the stirrer diameter (m); θ is the stirrer tangential velocity (m/s); H is the height 
of the grinding media inside the mill chamber (m); and d is the average ball charge diameter (mm). 
Jankovic (1999) further developed a total of six equations to predict the net grinding power 
of a vertical stirred mill utilizing physics concepts. The net power prediction was valid and good 
data accuracy was observed, although its complexity does not make the use of this tool very 
attractive when designing and selecting vertical mills for industrial applications. It is important to 
note that the equations were developed and validated for small operations only. 
Nitta, et al., 2006 
Nitta et al. (2006) developed an equation to predict the electric power consumed by a 
vertical stirred mill. 
𝑃𝑒𝑙𝑒 = 312 𝐻𝑒𝑓0.884 𝐷𝑠2.23 𝑤1.23 𝑑𝑔𝑎𝑝                                            (2.5) 
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Where 𝑃𝑒𝑙𝑒 represents the electric power (kW); Hef is the height of the grinding media 
inside the mill chamber (m); Ds is the stirrer diameter (m); w is the angular velocity of the stirrer 
(rps); and dgap is the distance between the stirrer and the internal chamber wall (m). 
The authors affirm that the error in estimating power consumption is approximately ±10%. 
The motor size used to validate Equation 2.5 ranged from 37 to 526 kW. Good data agreement 
was also observed when predicting the power of a KW-1500 tower mill powered by an 1120 kW 
electric motor (Nitta, Fuyurama, Bissombolo, & Mori, 2006). 
2.6.2  Product Size Modeling 
In grinding, mathematical modeling approaches are widely used to describe size reduction. 
The prediction of the product size in a stirred grinding mill is best described by two different 
approaches: (1) empirical models and (2) population balance modeling. 
Empirical models are known for its simplicity in mathematically modeling a process. It 
uses a direct relationship between variables such as power, electric energy consumption, stirring 
speed and product size to develop an equation. For a grinding process, this approach does not take 
into consideration the breakage environment or other material and equipment characteristics, but 
it has shown to be useful for some applications. 
Population balance modeling has the advantage of giving full particle size distribution of 
the product as well as considering the breakage environment and feed characteristics. This 
approach uses a breakage function that illustrates the product size distribution of a single breakage 
event on a feed particle, and a selection function that represents the breakage rate of particles in a 
specific size interval. The functions can be analyzed in a laboratory mill and then modified to 
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different operating conditions (Austin, Klimpel, & Luckie, 1984). Gardner and Austin (1962) were 
the first to apply and convincingly demonstrate the applicability of the population balance model 
to describe grinding processes. 
Empirical Models 
Herbst and Sepulveda, 1978 
The grinding mill used in this study is the Union Process Attritor. The stirrer speed, 
grinding media size distribution, and percentage of slurry solids were varied in order to analyze 
product size. The energy consumed during grinding was calculated for all tests. The authors 
believed that the intense shear and normal forces that were applied to the particles in stirred mills 
make this technology more suitable for fine grinding (Herbst & Sepulveda, 1978).  
The work conducted by the authors was the first attempt to describe the comminution 
process in a stirred ball mill using a variation of the population balance model. The Charles 
equation (Charles, 1957) was used to predict the grinding behavior of the stirred mill to develop a 
scale-up methodology. The equation is based on an empirical correlation between energy input 
and median particle size. 
     ?̅? = 𝐴(𝑑𝑚𝑒𝑑𝑖𝑎𝑛,𝑃−𝛼 − 𝑑𝑚𝑒𝑑𝑖𝑎𝑛,𝐹−𝛼 )                                              (2.6) 
Where ?̅? represents the energy input to the mill (kWh/ton); 𝐴 is a material-dependent 
constant; 𝑑𝑚𝑒𝑑𝑖𝑎𝑛,𝑃 is the median size of the product (μm); 𝑑𝑚𝑒𝑑𝑖𝑎𝑛,𝐹 is the median size of the feed 




Figure 2.10 Attritor mill (Szegvari & Yang, 1999) 
 
The implementation of the Charles equation yielded a linear relationship between median 
product size and input energy. This result suggested the possibility of predicting median product 
size from the energy input independent of the operating conditions and the grinding mill size, as 
long as the expected product size was much finer than the feed.  
Herbst and Sepulveda (1978) also investigated the power required to achieve a certain 
product median size. The correlation between power draw, equipment dimensions, and operating 
conditions allowed the development of a scale-up methodology. The following equation is based 
on more than 20 experiments used to predict mill power draw: 
      𝑃 = 2.55 𝑥 10−5𝑉1.75𝑁1.37𝑑𝑏0.48𝜌𝑏1.09                                           (2.7) 
Where 𝑃 represents the power on the attritor shaft (kW); 𝑉 is the attritor volume (gallons); 𝑑𝑏 is the diameter of the grinding media (in); 𝜌𝑏 is the grinding media density (g/cc); and 𝑁 is the 
shaft angular velocity (rpm). 
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When Equation 2.7 is used in conjunction with the Charles equation, Equation 2.6, it 
becomes possible to predict the median product size for different power inputs. However, the linear 
proportionality assumption between energy input and product size ignores the breakage behavior 
of fine particles since there is an increase in particle strength with a decrease in particle size. 
Operating parameters, such as the grinding media size and distribution and feed size distribution, 
are not accounted for in this work. 
Duffy, 1994 
Duffy (1994) used a simplified form of the Charles Equation (1957), Equation 2.6, to 
predict the cumulative percent passing in the fractions 90%, 80%, 70%, 60%, 50%, 40%, 30%, 
and 20% at given energy consumption. It was possible to predict the product size distribution with 
reasonable accuracy by using multiple linear regression; however, the models were very operation-
specific and did not account for variations in the total load and size of balls, percent of solids 
concentrations, and feed characteristics. The model assumed a direct relationship of agitator speed 
and grinding media density with net power draw. 
Celep, et al., 2011 
Ultra-fine grinding tests were performed using a batch vertical pin-type stirred mill. The 
product size measured at the cumulative 80% passing size was analyzed as a function of ball 
diameter, grinding time, ball charge ratio and stirrer speed. Celep et al. (2011) used a quadratic 
programming method to minimize the error in the predicted product size for the experimental range 
of operating variables tested. Predicted values using the developed empirical model were in good 
agreement with the measured values for the range of operating conditions tested. 
29 
 
Population Balance Model 
Herbst and Sepulveda, 1978 
The grinding mill used in this study was the Union Process Attritor. The authors 
investigated the use of a population balance model based on energy input to predict the complete 
grinding product size distribution. The authors assumed the breakage process was linear over the 
entire feed size range tested; therefore, a single analysis of the breakage function of the top size 
could define the breakage function values of the smaller size intervals. Thus, it made it possible to 
empirically estimate the breakage parameters, selection and breakage functions for a complete set 
of sizes using computer software called Estimill (Herbst, Rajamani, & Kinneberg, 1977). The 
breakage parameters were estimated for each successive energy input to the grinding mill. For the 
most part, the model estimates for the breakage parameters and product predictions were in good 
agreement with experimental results obtained in laboratory-scale testing. For fine grinding 
products and long grinding times, significant deviations have been achieved with the energy-
specific breakage parameters estimated by the software. The authors concluded the use of 
population balance model holds considerable promise for providing a detailed description of the 
grinding process in a stirred mill. 
Stehr, et al., 1987  
Stehr et al. (1987) used a population balance model approach to compare the grinding 
process of coal-water slurries in a horizontal high speed stirred mill with a tumbling ball mill. The 
model was used as a function of energy input to evaluate the grinding results and total consumed 
energy. Single-size feed fractions were used for both horizontal stirred mill and ball mill tests. The 
breakage and selection functions were determined for both mills. 
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A comparison of the obtained breakage function showed that the stirred mill produces a 
higher percentage of fragments that are close to parent sizes. The analysis of the selection function 
revealed that the stirred mill also produces a more significant amount of fines. This indicates that 
attrition is the main breakage mechanism present in the stirred mill being tested. It was also found 
that the rate of breakage decreases slightly with decreasing feed size.  
Furthermore, this work showed the use of smaller grinding media appeared to grind at 
higher rates. The effects of other grinding considerations were not presented by the authors. The 
authors also concluded the applicability of the population balance model for the grinding 
performance analysis of stirred mills. It was found the high-speed stirred mill tested were between 
31.5% to 59.5% more energy efficient than grinding in the tumbling ball mill (Stehr, Mehta, & 
Herbst, 1987). A detailed study is still necessary to quantify the influence of other operating 
parameters and equipment dimensions over the energy requirements for fine grinding. The results 
were validated for a laboratory-scale high-speed stirred mill, and no conclusions were presented 
about using the energy-size population balance model approach to investigate grinding in larger 
mill units. 
Morrel, et al., 1993  
Morrel et al. (1993) analyzed the results obtained by two different methods based on the 
population balance model for predicting the product size distribution of a Tower Mill. The data 
from an industrial grinding circuit was analyzed using a population balance model and content-
based approach developed for ball mills by the Commonwealth Scientific and Industrial Research 
Organization (CSIRO). A second model was developed by the Julius Kruttschnitt Mineral 
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Research Center (JKMRC). Outcomes obtained from both models were then compared with the 
results obtained from physical testing.  
The equation used by the CSIRO model for continuous grinding under steady-state 
conditions follows the theory behind Equation 2.8: 
                                        𝑄𝑠𝑝𝑖 = 𝑄𝑠𝑓𝑖 + 𝑀 ∑ (𝑏𝑖𝑗𝑆𝑗𝑚𝑗) − 𝑀𝑆𝑖𝑚𝑖𝑖−1𝑗=1                                          (2.8) 
Where 𝑄𝑠 represents the solids flow rate (t/h); 𝑀 is the mass hold up (t); 𝑓𝑖 is the mass 
fraction of feed material in size interval i; 𝑝𝑖 is the mass fraction of product material in size interval 
i; and 𝑚𝑖, 𝑚𝑗 are the masses fraction of particles in size interval i or j; 
Dividing Equation 2.8 by the mass flow Qs, it then becomes: 
                 𝑝𝑖 = 𝑓𝑖 + 𝜏 ∑ (𝑏𝑖𝑗𝑆𝑗𝑚𝑗) − 𝜏𝑆𝑖𝑚𝑖𝑖−1𝑗=1                                             (2.9) 
Where τ is the particle mean residence time (min). 
The JKMRC model is usually expressed as a rate-size mass balance of the particles inside 
the mill. 
                                             𝑃𝑖 = 𝐹𝑖 + ∑ (𝑏𝑖𝑗𝑆𝑗𝑚𝑗) − 𝑆𝑖𝑚𝑖𝑖−1𝑗=1                                          (2.10) 
Where 𝑃𝑖 represents the product flow rate of size i; and 𝐹𝑖 is the feed flow rate of size i. 
The major difference between both models is in the calculation of the breakage function; 
the CSIRO model considers the breakage function as being dependent on the grinding operating 
conditions and ore type, while the JKMRC model considers the breakage function to be material 
specific. Both models, when applied to a Tower Mill, assume that the residence time of all solid-
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size fractions in the mill is the same. The density of pulp held in the mill is also assumed to be the 
same as that of the mill discharge. Total mass in the mill, m, can then be estimated by considering 
the equipment as a perfect mixer unit or composed of perfect mixer units in series, where mi = pi 
for Equation 2.9. A perfect mixer unit assumes there is a uniform concentration of sizes and 
material mass through the entire unit.                                                                                                      
Morrel et al. (1993) analyzed the data from the Hilton Tower Mill, a 250-kW unit 
manufactured by Kubota. Data were collected in three surveys, and a total of 10 streams were 
sampled. The samples were accumulated over a two-and-a-half-hour period with increments taken 
from each stream every 15 minutes. The pulp densities were calculated, and the residence time 
characteristics were estimated from soluble tracer impulse tests. 
In this study, Morrel et al. (1993) calculated the selection function parameters for all three 
surveys conducted using both the JKMRC and CSIRO methods. The breakage distribution 
function was estimated by experiments conducted in a laboratory ball mill unit. 
The findings of this study showed the only difference between the two variations of the 
population balance model was in the treatment of residence time distribution, independent of how 
the breakage function was calculated for each model. The CSIRO model considers the equipment 
as three unequal size mixers in series, while the JKMRC model only considers it as a single perfect 
mixer unit. This research also showed that a better understanding of the motion of the media and 
slurry inside the mill is required to accurately model a stirred mill since both models presented 
deviations in the results. Very similar trends were also observed for both models when predicting 
the product size distribution. Another conclusion made by the authors was that a pendulum might 
not be the most appropriate device for determining the breakage distribution function for Tower 
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Mills, since attrition is the predominant breakage mode in this mill. The pendulum test consists of 
twin pendulum devices that are used to break a single particle located between them by an impact 
breakage mode, thus creating a relationship between applied energy and size reduction. A 
limitation of the CSIRO and JKMRC models in predicting product size distribution is that it is 
only accurate for small changes in the operating conditions. The linear relationship between energy 
input and size reduction presented limitations in predicting the product size distribution of larger 
units when other operating parameters were not being considered. 
Guillneau, et al., (1995)  
Guillneau (1995) developed a power function for the vertical pin stirred mill (Sala Agitated 
Mill) based on the hypothesis that the energy consumed by the mill is mainly due to friction 
between the grinding media. Guillneau assumed that the friction between two grinding media was 
determined by the pressure from the total load above them. This assumption led to the conclusion 
that the grinding media speed is related to the power consumed by the mill since friction multiplied 
by the total mill length is equal to energy. Therefore, friction is related to the grinding media 
velocity. Thus, the author assumed a direct proportionality between power input and media speed.  
Three operating conditions were investigated: (1) the grinding media total load, (2) the 
percentage of pulp solids and (3) the solids feed rate. Product size distribution and power 
consumption were measured for all the tests performed. The basis of the model developed was a 
simplified solution to the batch population balance equation, complete with a residence time 
distribution of m equal mixers in series. The author considered the breakage function to be material 
specific and unchanged with operating conditions. The exact number of perfect mixers in series 
considered to exist in the unit tested was not published. The selection function was determined to 
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be proportional to the available grinding media surface area since attrition was considered the only 
breakage mechanism. The residence time was determined by continuous tests performed using a 
small-scale pin mill and barite solution as the tracer material. 
A power equation was developed to predict product size distribution as a function of energy 
input. The power equation was tested for a 7.5 kW laboratory size unit for validation purposes. 
The predicted results using the developed power equation showed good agreement with the data 
collected using the mill. The equation used by the authors in this research hypothesis was never 
published. Guillneau’s work shows that once the media motion patterns and velocities are 
determined, the equation based on energy input to the mill can be used for product size distribution 
predictions. 
Jankovic, 1999  
The objectives of the research conducted by Jankovic were based on the development of a 
new procedure to characterize fine particle breakage and to develop a scale-up methodology for 
vertical stirred mills. The author developed a new testing machine called a Grinding Table to 
accurately characterize the material in regards to its selection and breakage functions. In the 
Grinding Table (Figure 2.11), a single ring of balls with a specific diameter B, moves at a constant 
velocity w, while the particles are fed into the device and move across the path of the balls. The 
force, F, is applied to the balls perpendicular to their motion to control the free movement area and 




Figure 2.11 Grinding Table schematic (Jankovic, 1999) 
 
Observations were also conducted in a transparent glass mill to investigate media motion. 
This research indicated that there is a horizontal and vertical movement of particles inside the mill. 
The resistance forces, or friction between the media, were responsible for part of the energy being 
consumed during grinding. Therefore, media velocity was lower than the agitator speed. A vertical 
downward flow was observed between the boundary of the agitator and the internal wall of the 
mill. It was also concluded that most of the grinding happened outside the agitator area since media 
traveling with different velocities were also colliding. 
This work presented the hypothesis that an optimum media size exists for different size 
mills. This conclusion should be further investigated to determine the influence of friction on 
grinding media velocity and, consequently, input energy. The author also suggested that there are 
differences in how different size mills operate since there is not a linear relationship between 
grinding media size and equipment dimensions. It was also concluded that for larger scale 
equipment, the friction force acting on the grinding media contact points was different since media 
pressure in the vertical direction is high. This is also related to the fact that the use of the selection 
function based on energy fails when directly scaled to a larger unit due to differences in energy 
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utilization for different size mills. The breakage rate, or selection function, should be scaled-up 
considering the effect of the grinding media velocity and size. In conclusion, the author believes 
that the Discrete Element Method (DEM) has the potential to provide information regarding the 
forces and energy involved in media collisions more accurately. Thus, a power equation to predict 
product size can be developed. The use of the DEM will also allow analysis of the effect of media 
pressure on media velocity, and the analysis of different friction conditions between grinding 
media can be tested. 
 
Figure 2.12 Media motion profile (Jankovic, 1999) 
 
Mazzinghy, et al., 2015 
Mazzinghy’s work attempted to predict the product size distribution from a 1500HP 
Vertimill unit using population balance modeling (Mazzinghy, et al., 2015). Ribeiro (2004) 
describes the population balance model as a simulation tool that can be used to empirically 
determine the particle product size distribution from any comminution process by estimating the 
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breakage parameters of the material being comminuted. Mazzinghy’s research consisted of 
different sets of comminution processes utilizing a laboratory-scale ball mill and a pilot-scale 
vertical stirred screw-type mill. For tests performed in the ball mill, various pre-selected times 
were used to grind the material, and the product size distribution data was collected. Pilot tests 
were performed using the same material tested in the ball mill to scale-up the results obtained in 
the laboratory test. The material breakage parameters were estimated using a grinding simulation 
software called Modsim (Mineral Technologies, 1997). Comminution in the pilot-scale vertical 
stirred mill demonstrated 35% more energy efficiency in achieving a specific product size per unit 
of time. Therefore, the value for the selection function based on energy obtained using the 
laboratory ball mill was scaled-up by a 1.35 factor. This finding is in agreement with conclusions 
reached by Metso that the Vertimill is approximately 35% more efficient than a conventional ball 
mill. The model agrees well with data collected in an industrial size mill when testing iron ore. 
2.7  Population Balance Model 
Population balance modeling is often used to fit experimental data. In grinding processes, 
population balance is a mathematical tool to study the evolution of particle size reduction. In this 
model, the breakage behavior of each particle of a given size class can be calculated. 
The population balance equation is a mathematical description of the evolution of the 
particle size distribution when submitted to grinding processes over time in a batch operation 
(Austin, Klimpel, & Luckie, 1984). 
                            𝑑𝑚𝑖(𝑡)𝑑𝑡 = −𝑆𝑖𝑚𝑖(𝑡) + ∑ 𝑏𝑖𝑗𝑆𝑗𝑚𝑗(𝑡),                𝑖 = 1,2, … 𝑛       𝑖−1𝑗=1              (2.11) 
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Where 𝑚𝑖(𝑡) represents the fraction by mass of particles contained in size interval i after 
grinding time t; 𝑆𝑖 is the selection function, or breakage rate, of particles in the size interval i (min-
1); and 𝑏𝑖𝑗 is the breakage function, or fraction by mass of particles in the size interval i produced 
by the breakage of particles in the size interval j. 
The first term on the right side of the equation, −𝑆𝑖𝑚𝑖(𝑡), means the rate of disappearance 
of particles in the size interval i, and the second term defined by the summation equation is the 
rate of accumulation of particles in the size interval i being considered. 
The approaches applied in formulating the population balance equation are based on: 
- The selection function, S, is assumed to remain constant with time; 
- For a batch process, the total mass, M, inside the mill is constant; 
- The rate of appearance of material in size i produced by the breakage of material in size j 
is 𝑏𝑖𝑗𝑆𝑗𝑚𝑗(𝑡)𝑀; 
- The rate of disappearance of material in size i is 𝑆𝑖𝑚𝑖(𝑡)𝑀; and 
- The net rate of production of material in size i should be equal to the sum rate of appearance 
of size i from all larger size materials, minus the rate of disappearance of material in size 
i.  
The total grinding process for a defined time interval, dt, can be determined by a set of 
differential equations for all size intervals to be considered. The selection and breakage functions 
can be determined using batch grinding tests. The results are then utilized in the population balance 
equation to analyze product size distribution of a specific material after grinding processes. 
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2.7.1  Breakage Function 
The breakage process in a batch grinding mill can be described by a single-size breakage 
of one particle as illustrated in Figure 2.13 (Gupta & Yan, 2006). The size of the feed is shown in 
Column 1, while Column 3 shows the product size distribution of a single breakage event, also 
known as the breakage function of the material. Austin et al. (1984) defined the primary breakage 
as the distribution of fragments produced by a single breakage event over a single particle before 
any of the fragments are further broken inside the grinding mill. 
The term Bi,j represents the cumulative weight fraction of the material broken from size j, 
which falls into size intervals below the upper value of the size interval i. In non-cumulative form, 
bi,j = Bi,j – Bi+1,j. A simple method to calculate the cumulative breakage function, B, is to do it 
experimentally by taking a sample of material in one size fraction, grind it for a pre-determined 
time, and then determine the product size distribution by sieve analysis. The use of the BII Method 
developed by Austin et al. (1984) can be employed here. In this approach, to compensate for re-
breakage of primary progeny fragments, the product of the breakage and selection functions, SjBij, 
is considered approximately constant (Gupta & Yan, 2006). It is critical to assure that no more 
than 30% of the initial mass is broken to avoid errors related to material re-selected for breakage 
when using the BII Method. Based on these considerations, the breakage distribution function can 
be calculated using: 
   𝐵𝑖,1 = log(1−𝑃𝑖(0)1−𝑃𝑖(𝑡))log(1−𝑃2(0)1−𝑃2(𝑡))                                                              (2.12) 
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Where 𝑃𝑖(0) represents the cumulative mass fraction less than size di at time t=0; 𝑃𝑖(𝑡) is 
the cumulative mass fraction less than size di at time t; and 𝐵𝑖,1 is the cumulative mass fraction of 
particles passing the top size interval i from breakage of particles of size j=1. 
 
Figure 2.13 Size distribution of particles after a breakage event. Solid arrows represent the 
force applied over the particle for breakage, and dotted arrows indicate the distribution of 
fragments from the breakage event to the same or smaller sizes (Gupta and Yan, 2006) 
 
The term Bi,j can be fitted to an empirical function (Austin, Klimpel, & Luckie, 1984): 
                                   𝐵𝑖,𝑗 = 𝜙 (𝑑𝑖−1𝑑𝑗 )𝛾 + (1 − 𝜙) (𝑑𝑖−1𝑑𝑗 )𝛽 , 0 <  𝜙 <  1                               (2.13) 
Where 𝜙, a material dependent constant, represents the fraction of fines that are produced 
in a single fracture event; 𝛾 is also a material dependent variable with values typically found to be 
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in between 0.5 and 1.5; and 𝛽 is a curve fitting parameter with values generally ranging from 2.5 
to 5 for most ores. 
Values of 𝛽 have been found to exceed 5 as advocated by Austin et al. (1984). So, it should 
not be considered wrong if the 𝛽 values are reported to range from 5 to 15, especially for particles 
finer than 600μm in wet milling processes (Yekeler, 2007). 
Equation 2.13 represents an empirical calculation relating the cumulative breakage 
function to particle size. A simple assumption made to solve the empirical function accurately is 
to consider the breakage function to be independent of the initial particle size (Katubilwa, 2008). 
The breakage function is assumed to be normalized in this case; this means that there is a linear 
relationship between the breakage function and particle size. Therefore, ϕ is considered constant. 
This assumption has proven to be acceptable for many materials and simulation purposes (Austin, 
Klimpel, & Luckie, 1984; King, 2001). 
Radiotracing experiments carried out by Gardner and Austin (1962) proved that the values 
of Bij do not change with grinding time in the mill, even though the breakage environment is 
changing. This experiment also concluded that the build-up of fines does not affect the particle 
breakage rate of the top size fraction in the mill. 
2.7.2  Selection Function 
The selection function represents the breakage rate of particles in the size interval i. In 
order to better understand the concept, it is interesting to consider a well-mixed grinding mill 
holding a total mass of material, M, that is receiving a variety of breakage actions. If the mill 
starting feed is all within one size interval, called size 1, then after a grinding time t1, the amount 
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of material in size interval 1 will be less than 100%. The rate of disappearance of material in the 
size interval 1 can be described by the equation below: 
                                                        −𝑑𝑚𝑖(𝑡)𝑀𝑑𝑡 𝛼 𝑚1(𝑡)𝑀                                                         (2.14) 
Considering that the total mass, M, inside the mill is constant: 
                                                  𝑑𝑚𝑖(𝑡)𝑑𝑡 =  −𝑆1𝑚1(𝑡)                                                        (2.15)                                                                                                               
The term S1 is assumed to be constant, and therefore does not vary with time. The 
integration of the equation results in: 
                                          𝑚1(𝑡) =  𝑚1(0)𝑒(−𝑆1𝑡)                                                   (2.16)                                                                               
Where 𝑆1 represents the selection function for size interval 1 (min-1); 𝑚1(𝑡) is the material 
mass that was not broken after time interval t; and 𝑚1(0) is the initial mass of material in size 
interval 1. 
The initial mass used to perform the test for determination of the selection function is 
written as m1(0). The grinding test conditions should be specified to be as close as possible to the 
conditions required for the final application (Usman, 2015). The single size interval feed is loaded 
into a batch grinding mill and then ground for a time t1. A representative sample is taken from the 
mill after grinding time t1 and is characterized by size and analyzed to determine the weight 
fraction remaining in the original size interval. The sample is then returned to the mill, and the 
equipment runs for another time interval t2. The mill then stops again for analysis. The test is 
repeated until it is possible to determine the material breakage rate. The breakage rate of a single 
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size fraction is estimated by carrying out the selection function determination test for many 
different size fractions.  
 
Figure 2.14 Selection function, S1, as a function of grinding time (Gutiérrez & Sepulveda, 
1986) 
 
Herbst and Fuerstenau (1973) developed a selection function equation related to the 
specific energy consumed by the grinding mill. The authors substituted the time t (min) from 
Equation 2.15 by the specific energy E (kWh/ton). 
                                                             𝑑𝑚𝑖(𝐸)𝑑𝐸 =  −𝑆𝑖𝐸𝑚𝑖(𝐸)                                                         (2.17) 
The authors concluded that the selection function based on particles size have a 
proportional relationship with the power consumed by the mill. 
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                                              𝑆𝑖 = 𝑆𝑖𝐸 (𝑃𝑛𝑒𝑡𝑀 )                                                               (2.18) 
Where 𝑆𝑖𝐸 represents the specific selection function (ton/kWh); 𝑀 is the total mass of 
material inside the grinding mill (ton); and 𝑃𝑛𝑒𝑡 is the net power draw (kW). 
The value of the specific selection function, 𝑆𝑖𝐸 , can be directly determined using an 
equation developed by Rajamani and Herbst (1984).  
𝑆𝑖𝐸 = 𝑆1𝐸  𝑒𝑥𝑝 {𝜁1 ln (𝑑𝑖𝑑1) + 𝜁2 [ln (𝑑𝑖𝑑1)2]}                                   (2.19) 
Where 𝑆1𝐸, 𝜁1, and 𝜁2 are material and grinding conditions specific parameters; and 𝑑𝑖 ⁄𝑑1  is the dimensionless particle size, or normalized particle size at 1 mm size. 
The specific selection function is dependent on the grinding media size (Lo & Herbst, 
1986), and is usually independent of the mill geometry and operating conditions (Herbst & 
Fuerstenau, 1980). It was observed that the ratio between the grinding times for two different 
operating conditions that aims to achieve the same product size is equal to the ratio of the specific 
power inputs (Herbst, 1973). 
The term Si can also be fitted to an empirical function (Austin, Klimpel, & Luckie, 1984): 
𝑆𝑖 = 𝑆1 (𝑑𝑖𝑑1)𝛼 11+(𝑑𝑖𝜇 )𝛬                                                    (2.20) 
Where S1 and α are parameters that depend on the grinding environment and the feed 
characteristics; μ is a constant related to the critical feed size; and Λ is a positive constant that 
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indicates how fast the selection function decreases with an increase in feed size. Figure 2.15 shows 
an example of a selection function curve obtained by fitting the results to Equation 2.20. 
 
Figure 2.15 Example of breakage rate curve for different particle sizes (Austin, Klimpel, & 
Luckie, 1984) 
 
2.8  Discrete Element Method 
The use of the Discrete Element Method (DEM) to predict particle breakage has been 
widely used by the mining industry. The DEM is considered a useful tool for modeling the flow 
of granular materials in different applications, including comminution processes. Using 3D DEM 
simulation, it is also possible to analyze the motion of particles inside a mill. Modeling of ball 
mills using DEM has been performed by many authors, including Mishra and Rajamani (1992), 
Inoue and Okaya (1995), Cleary (1998), Mishra and Murty (2001), and Datta, et al. (2013). 
In grinding, the main applications of DEM are: (1) analysis of the media movement and 
collisional energy; (2) lifter design of mills; and (3) design and optimization of new equipment. 
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The DEM was first used by Mishra and Rajamani in 1992 to analyze the performance of a 
conventional ball mill (Mishra & Rajamani, 1992). Recently, there have been several attempts to 
use DEM to simulate breakage processes in small and industrial-scale units (Cleary, 2001-A; 
Cleary, 2004; Morrison, Cleary, & Sinnott, 2009). However, these models have limited application 
due to the amount of computational time required to model a large number of particles. 
Modeling of grinding equipment using the DEM can improve mill design and the 
understanding of charge dynamics, which can lead to an opportunity to increase comminution 
efficiency and reduce downtime by better understanding the mill operation. Although the DEM 
simulation results cannot be used alone to predict product size distribution, power draw 
information can be collected from the collisional forces exerted by the grinding media. Therefore, 
this information can be used to calculate the intensity of breakage forces under different operating 
conditions. 
2.8.1   Evaluation of Stirred Mills using Discrete Element Method 
Morrison, et al., 2009 
The objective of this study was to compare the power required to produce similar 
distributions of normal and tangential impacts for both pilot unit ball and tower mills. Numerical 
simulations were carried out by CSIRO using their own internally developed DEM code (Cleary, 
2004). The grinding media and equipment material selected was steel for both numerical models. 
A coefficient of restitution of 0.8 and a friction coefficient of 0.5 was chosen for all contacts since 




The media flow in vertical mills has shown that the material is transported upwards by the 
action of the helical screw and is then transported downwards in the region outside the agitator. 
The downward motion exhibited some flow irregularities and consisted of a small number of 
particles moving downward, where a large number of particles do not have a vertical movement. 
The shear energy absorption rates for the pilot-scale tower mill were shown to be higher than the 
normal component as expected. This finding meant that the tower mill’s main breakage mechanism 
is attrition. 
Morrison et al. (2009) monitored the collision energy spectra regarding normal and shear 
energies for each simulated mill. Comparing collisions per second versus collision energy, the 
findings of this study indicated that tower mills produce a substantially larger frequency of 
collision events with low impact energies. Substantially more shear interactions were also found 
to occur in the tower mill. 
The ball mill presents greater maximum impact energies, which are more favorable for 
breaking coarse particles. The maximum impact energies for the ball mill was found to be 0.1 J, 
while the maximum value was approximately 0.01 J for the tower mill. The authors determined 
that the conversion of energy dissipated during collision requires knowledge of what proportion 
of particles of each size interval would be involved in each collision level. Thus, it is important to 
know the selection function and to relate it with particle hardness and collisional energies. The 
authors also suggested that numerical simulation may improve grinding results by better matching 




Figure 2.16 Energy spectra for the ball mill (top) and tower mill (bottom) (Morrison, 
Cleary, & Sinnott, 2009) 
 
Sinnott, et al., 2009 
Sinnot, et al. (2009) studied the influence of different viscosities in the motion of grinding 
media within a tower mill using the Discrete Element Method (DEM) coupled with Smoothed 
Particle Hydrodynamics (SPH) to model the fluid flow. The SPH method is described in detail by 
Cleary et al. (2007). The model assumed that the slurry velocity does not influence the motion of 
the grinding media since it is comprised of heavy steel balls. Thus, the grinding media motion 
49 
 
dominates the motion of the slurry. The model does not simulate feed material since the grinding 
media masses dominated the motion inside the mill. 
This work showed that the fluid pressure increases with depth for a low viscosity 
environment. Therefore, higher pressures are expected to exist at the bottom of the equipment. 
This suggested that most of the grinding is expected to happen in the lower part of the grinding 
mill chamber, although this conclusion was not discussed in the study. In contrast, for high 
viscosity levels, the pressure was found to be almost constant through the entire length of the mill. 
Sinnott, et al., 2010 
The authors investigated the effect of non-spherical grinding media on grinding 
performance in stirred vertical mills. Four different scenarios have been studied using the DEM to 
understand how flow and energy utilization depend on media shape. Increased wear rates on the 
agitator and decreased grinding performance were observed for highly non-spherical grinding 
media. 
The flow environment for spherical grinding media in a stirred vertical mill was 
investigated. One of the conclusions of this work is that the media within the agitator flows 
upwards with a similar downward flow between the agitator and the mill shell.  
This study also investigated the collisional power. High levels of normal and shear 
collisional power existed and were concentrated between the agitator and the mill shell (Figure 
2.17). The amount of media collisional energy also did not appear to be dependent on the height 
of the vertical mill (Sinnott, Cleary, & Morrison, 2006). 
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The authors concluded that the use of highly non-spherical grinding media leads to a 
reduced rate of media circulation, decreased grinding performance, reduced energy available for 
comminution in the mill and increased wear rates on the agitator edges. It is expected that the same 
results will occur for other types of stirred mills (Sinnott, Cleary, & Morrison, 2010). This study 
points to the importance of understanding the operational conditions affecting grinding 
performance in stirred mills. The authors agree that models to understand the basic concepts of 
fine grinding on stirred vertical mills are still in their infancy (Sinnott, Cleary, & Morrison, 2010). 
 
Figure 2.17 Spherical media flow distribution. (a) normal collisional power, and (b) shear 
collisional power (Sinnott, Cleary, & Morrison, 2010) 
 
2.9  Effect of Operating Parameters on Vertical Stirred Milling Performance 
 Basically, there are two major costs in stirred milling: (1) power consumption, and (2) balls 
and liner wear. Some valuable work has considered the effect of the operating conditions on power 
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consumption and wear rates on the balls and agitator (Jankovic, 2003; Lichter and Davey, 2006; 
Morrison, Cleary, & Sinnott, 2009; Sachweh, 2010; Ntsele & Allen, 2012; Mazzinghy, 2012; 
Altun, Benzer, & Enderle, 2013). Jankovic (2003) concluded that the grinding media size and 
density, and the feed characteristics highly affect the energy consumption in regrinding processes 
using vertical stirred mills. Also, the effect of one variable in the grinding efficiency should not be 
analyzed without considering its interaction with all the other parameters. Sachweh (2010) 
identified that the agitator speed, feed rate, grinding media size and load, slurry viscosity, grinding 
media density, agitator geometry and circulating load are the primary operating conditions 
affecting power consumption and media wear in stirred mills. 
2.9.1  Grinding Media Size and Density 
The size of grinding media significantly impacts the performance of stirred media mills 
applied to fine, re-grinding, and ultra-fine grinding. For efficient comminution to take place, the 
size of the grinding media should decrease as feed size and product size requirements also decline. 
A reduction in the size of grinding media leads to an increase in the total surface area that can be 
used for comminution. As of grinding media size decreases, media velocity must increase to 
generate enough energy to break the particles (Jankovic, 2000). Therefore, the frequency of 
collisions increases with decreasing media and feed size. 
The optimum grinding media size is selected based on the required final product size 
(Weller & Gao, 1999). Jankovic (2001) found that differences as high as 50% in energy consumed 
by a stirred mill are the consequences of different grinding media sizes. In his study, three grinding 
media sizes (12.0, 6.8 and 4.8 mm) were analyzed using the same operating conditions and feed 
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material. The findings of this study show that for each equipment size, there is an optimum 
grinding media size, and that this relationship is not linear. 
Von Seebach (1969) has shown that there is a linear proportionality relationship between 
grinding media density and breakage rate in dry grinding using ball mills. Mill power is also 
directly related to grinding media density. Therefore, power draw also reduces with density. A 
lower grinding capacity (t/h) can be expected when using lower density grinding media. 
The selection of grinding media size is essential in order to obtain the required product size 
efficiently. Considering the stirred grinding mill, there is not a selection method to choose the 
optimum grinding media size for a specific material; therefore, optimum grinding media selection 
is solely dependent on pilot and laboratory-scale tests. 
2.9.2  Feed Characteristics 
Figure 2.14 shows a typical breakage rate curve as a function of particle size. Smaller 
particles are relatively stronger than bigger particles due to the reduced amount of internal flaws. 
In addition, it is more difficult to catch a mass of smaller particles between grinding media in a 
mill due to geometric effects.  
Very fine particles are subjected to drag forces that can decrease the probability of a 
breakage event to occur caused by grinding media collision.  For larger sizes, it was found the 
breakage rate consists of a faster initial rate and a slower following rate (Austin, Klimpel, & 
Luckie, 1984). Some particles are too big to be adequately broken by the selected mill and 
operating conditions. The accumulation of fines can also cause cushion and reduce the breakage 
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rate of bigger particles. The decrease in the breakage rate of bigger particles after a maximum size 
is called the abnormal breakage region (Austin, Klimpel, & Luckie, 1984). 
Duffy (1994) analyzed different feed sizes to understand their effect on grinding efficiency 
using stirred grinding mills. Duffy (1994) concluded that the differences in grinding efficiency and 
product size were due to differences in feed size distribution of the materials being tested. At 
present, there is still not a comprehensive understanding of the effect of different minerals with 
varying hardness on the grinding efficiency in stirred media mills (Bergerman, 2013). 
The percent of solids by weight has significant influence over the grinding efficiency in 
stirred mills. According to Gao, Holmes, and Pease (2007), there is an optimum percent of solids 
that will lead to a minimum mill energy consumption. The authors also determined that the percent 
of solids will influence the product size distribution, the grinding media size to be used and the 
stirrer tip speed. 
Stief, Lawruk, and Wilson (1987) concluded that the optimum operating percent of solids 
ranges between 50% and 55% for materials with density around 2.7 t/m3. Weller and Gao (1999) 
concluded in their study that high grinding energy efficiencies could be achieved using 64% of 
solids in a large-scale vertical stirred mill and 75% of solids in horizontal stirred mills. 
2.9.3  Stirrer Speed 
The stirrer speed is dependent on the mill power draw and determines the movement of the 
charge inside the mill. Gao, Holmes, and Pease (2007) analyzed the effect of the stirrer speed on 
grinding in a laboratory-scale stirred mill. They concluded that an increase in the stirrer speed 
leads to a decrease in mill energy consumption, where the grinding time necessary to obtain the 
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same product size decreased by more than half. However, after a maximum speed value, the mill 
energy consumption increases, and the breakage rate of particles decreases, leading to grinding 
inefficiency (Austin, Klimpel, & Luckie, 1984). There are also no significant deviations in the 
breakage function with mill speed (Gutiérrez & Sepúlveda, 1986).  
The stirrer speed should be modified according to the required product size (Sachweh, 
2010). The stirrer velocity is responsible for transmitting the energy to the grinding media and 
therefore, the grinding characteristics. High-speed stirred mills are suitable for ultra-fine grinding, 
while low-speed stirred mills are suitable for re-grinding operations and to obtain fine products. 
2.9.4  Mill Environment 
Grinding circuits are divided into two main classifications (1) closed, and (2) open. In a 
closed grinding circuit, the product of the mill follows to a classifier where the oversize particles 
must return to the grinding equipment. The closed circuit leads to an increase in capacity since 
there is no effort in comminuting all the material in a single pass. The material that returns to the 
mill after classification is known as circulating load. The optimum circulating load for a circuit 
depends on the classifier capacity and the cost of transporting the material back to the mill (Donda, 
2003). The usual circulating load ranges from 100% to 350% of the fresh feed rate (Wills & 
Napier-Munn, 2015). The closed circuit also reduces overgrinding as the residence time of the 
particles in the mill is small. In open circuit design, the material is fed into the mill in a calculated 
rate that will be adjusted to promote breakage of the particles in a single pass through the 
equipment. Product size control is difficult in this type of circuit, and overgrinding is a problem 
since many particles can be broken at a ratio more than the necessary. The feed rate should be low 
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enough to ensure that every particle spends enough time in the mill to increase the probability of 
particle breakage. 
The presence of water in laboratory batch tests increases the breakage rate. Therefore, 
better transfer of the mechanical action of the mill on the grinding media and, thus, on the particles 
is allowed. The capacity of wet grinding in large-scale mills is 1.3 times that for dry grinding under 
similar operating conditions (Bond, 1961). Austin et al. (1981) demonstrated that the breakage 
function values were approximately the same for both wet and dry grinding. The values observed 
by the authors were also about the same for smaller variations in the pulp density.  
Slurry density does not have a high effect on the breakage of particles until it is high enough 
to change the rheological properties of the slurry. A high pulp density decreases the breakage rate 
in a mill (Austin, Celik, & Bagga, 1981). The development of a viscous slurry with a large amount 




MATERIALS AND METHODS 
3.1 Equipment 
A Bond ball mill was used in this study to estimate the breakage parameters of an aggregate 
sample and its grindability index. The equipment dimensions are 305 mm in diameter by 305 mm 
in length, and the standard operating speed is 70 revolutions per minute (rpm).  
A custom built laboratory vertical stirred mill equipped with a variable speed drive and a 
torque meter was also used to calculate the breakage parameters of an aggregate sample. The effect 
of different operating conditions on the final product size distribution, particle breakage rate and 
energy consumption were analyzed using this laboratory vertical mill. Torque results were 
extracted using a laptop computer connected to the torque meter output via USB cable.  
3.1.1  Bond Ball Mill 
The Bond ball mill is a standard laboratory device widely used in the mining industry for 
determining the Bond Work Index (BWI) of an ore material. A typical Bond ball mill is shown in 
Figure 3.1. 
The Bond Work Index test was developed out of the need for a standard procedure for 
measuring ore grindability to select a size of ball or rod mill that would meet the capacity and 
power draw requirements. Bond carried out extensive experimental work for the mill manufacturer 
Allis Chalmers to devise the standard ore grindability procedure that he called the Bond Work 
Index (Armstrong, 1986). The BWI is a material dependent parameter and, in theory, it should 
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remain unchanged at any aperture size of the test screen. The BWI, an energy-size parameter, is 
still used today by manufacturers to size rod and ball mills (Wills & Napier-Munn, 2015). 
 
Figure 3.1 Bond ball mill (Michaud 2015) 
 
Standard Bond Work Index Test Procedure 
The Bond Work Index test is used to determine the ore grindability (kWh/t) of minus 3.35 
mm feed size samples. It represents the resistance of the material to crushing and grinding. 
Theoretically, the BWI represents the specific power required (kWh/ton) to reduce an ore from an 
infinite size to 80% passing size 100μm. The BWI can be calculated by an equation developed by 
Bond in which the feed and product sizes are considered in terms of the 80% cumulative passing 
size. 
                                                         𝑊 = 10𝑊𝑖 ( 1√𝑃 − 1√𝐹)                                                          (3.1) 
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Where 𝑊 represents the work input (kWh/t); 𝑊𝑖 is the Bond Work Index for a specific 
rock type (kWh/t); 𝑃 is the 80% passing product size (μm); and 𝐹 is the 80% passing feed size 
(μm). 
The standard Bond ball charge consists of 285 steel balls of varying diameter and total 
weight of approximately 20.1 kg. The ball sizes, quantity and weights are provided in Table 3.1.  
Table 3.1 Steel balls used in a standard Bond Work Index test (Bond, 1961) 
Steel balls Total weight 
(kg) Diameter (cm) Number of balls 
3.7 43 9.096 
3.0 67 7.442 
2.5 10 0.697 
1.9 71 2.075 
1.55 94 0.815 
 
The test procedure is described in the following steps: 
- Record the dry feed size distribution (100% passing a 3.35 mm screen size); 
- Determine the packed bulk density of the feed; 
- Slowly add the prepared feed into the graduated cylinder placed on a vibrator until 700 ml 
is obtained; 
- Vibrate for an additional 5 minutes and obtain 700 ml of compacted ore; 
- Record the weight of the ore; 
- Calculate the desired ideal period product (IPP) by assuming a 250% circulating load. The 
mass of the circulating material is 2.5 times the new feed to the screen undersize at steady 
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state. If the mass of the new feed is assumed to be 1 kg, and the circulating load mass is 
2.5 kg, then the mass in the mill should be 3.5 kg.  𝐼𝑃𝑃 = 𝑐𝑜𝑚𝑝𝑎𝑐𝑡𝑒𝑑 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑡 700𝑚𝑙3.5                                                 (3.2) 
- Place the weighed ore into the charged Bond ball mill; 
- Close the mill and rotate it for a total of 100 revolutions; 
- Empty the mill carefully and split the product roughly into thirds; 
- Screen the mill product using the desired product size screen, usually 150 mesh, for 20 
minutes on a sieve shaker; 
- Record the weight of the oversize and undersize products; 
- Determine the net weight produced per mill revolution; 
- Add the fresh feed to the oversize to reestablish a weight equal to the original charge; 
- Calculate the amount of product size material present in the added mill feed based on the 
feed sieve analysis; 
- Calculate the weight which should be ground in the next cycle to attain the desired 
circulating load; 
- Calculate the number of revolutions for the next cycle by considering the values found for 
the net gram produced per revolution during the first cycle; 
- Empty the new charge into the Bond ball mill and grind for the required number of 
revolutions; 
- Repeat the grinding cycles for a minimum of six cycles until the weight of the screen 
undersize per mill revolution reaches equilibrium for two cycles and then reverses direction 
in the last cycle; 
- Calculate the average net product per mill revolution of the last three cycles; 
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- The Bond Work Index is calculated using Equation 3.3. 
𝑊𝑖 = 44.5𝑃𝑖0.23 𝑥𝐺𝑏𝑔0.82 ( 10√𝑃80 − 10√𝐹80)                                                (3.3) 
Where Pi is the size at which 80% of the last cycle sieve undersize product passes; and Gbg 
is the net weight produced per mill revolution (g/revolution). 
- The result obtained for the BWI is then used in Equation 3.1 to determine the work input 
in kWh/ton. 
3.1.2  Laboratory Vertical Stirred Mill 
 The dimensions of the custom-built laboratory vertical stirred mill are specified in Table 
3.2. The mill was powered using a variable speed direct current (DC) motor with a variable speed 
drive. A torque meter was also installed in the mill shaft to measure the applied torque during the 
tests. Figure 3.2 shows the laboratory vertical mill and its stirrer. 
Table 3.2 Laboratory Vertical Mill Dimensions 
Mill parts Size (mm) 
Chamber diameter 238 
Chamber height 230 
Agitator diameter 163 
Agitator length 188 




The grinding chamber was placed on a metal frame that could slide and tilt to unload the 
material after each grinding test. During operation, a lateral lock system held the grinding chamber 
in place to avoid movement and vibration that could affect the torque readings. A mechanism to 
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remove the agitator to allow material unloading was also installed. High chrome steel balls with 
7850 kg/m3 density were used as the grinding media. 
 
Figure 3.2 (a) Laboratory vertical mill and (b) Stirrer 
 
 
Figure 3.3 grinding media 
 
The number of balls was set to cover 50% of the stirrer height. Grinding media filling 
typically ranges from 50% to 70% by volume (Roitto, Lehto, Paz, & Astholm, 2013). Table 3.3 
shows the information used to obtain the tests’ grinding media total weight. Average porosity 
between the grinding media was considered at 40% for all media sizes (Gupta & Yan, 2006). The 
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stirrer volume was estimated by its dimensions, presented in Table 3.2. The thickness of the screw 
flights was measured to be equal to 1.0 cm. 























0.009387 50 0.000282 0.004553 7850 40 21.4 
* the stirrer volume was estimated based on its dimensions presented in Table 3.2.  
The range of stirrer speeds used in the tests was selected based on published technical 
reports where the Metso Vertimill (VTM) unit was used. Table 3.4 shows the information collected 
for the Vertimill stirrer speed as a function of the VTM model and stirrer diameter.  
Table 3.4 Vertimill unit model and correspondent stirrer diameter and speed 
VTM Model Stirrer diameter (mm) Stirrer speed (rpm) 
VTM – pilot  350 87 
VTM – 250HP 1070 49 
VTM – 650HP 1960 31 
VTM – 1000HP 2420 28 
VTM – 1250HP 2700 27 
VTM – 1500HP 3300 19 




The stirrer speed for the laboratory vertical mill was calculated based on a relationship 
between diameter and speed for the published data observed in Table 3.4. Figure 3.4 shows a graph 
of stirrer diameter (mm) and the correspondent speed (rpm). 
 
Figure 3.4 Stirrer diameter versus stirrer speed for different Metso Vertimill units 
 
Equation 3.4 can be used to estimate the laboratory stirrer speed as a function of its 
diameter by extrapolating the data provided in Table 3.47. 
𝐴𝑠 = 5745.1 ∗ 𝐴𝑑−0.7                                                   (3.4) 
Where 𝐴𝑠 represents the stirrer speed (rpm); and 𝐴𝑑 is the stirrer diameter (mm). 
3.2  Samples 
3.2.1     Aggregate 
An aggregate sample obtained from a commercial quarry in Colorado, USA, having a 
density of 2700 kg/m3 was used in the laboratory tests using the ball mill and vertical stirred mill. 
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The as-received aggregate was crushed in a one-stage process using a jaw crusher, and the material 
passing a 6-mesh (3.35mm) sieve size was used in the BWI test. The BWI test was performed 
using two different test-sieve product sizes. The results of the BWI for the aggregate sample are 
given in Table 3.5. The breakage and selection function parameters were determined for the 
aggregate material tested in both ball mill and vertical stirred mill. The effect of different operating 
conditions on the grinding performance using the vertical mill was also investigated with the same 
aggregate sample. 
Table 3.5 Bond Work Index results for an aggregate sample using two test-sieve sizes 
No. 
Test-sieve size (mesh) 
80% cum. passing 
BWI 
(kWh/ton) 
1 200 16.3 
2 150 12.6 
 
3.2.2     Copper Ore 
A copper ore material was obtained from a sampling survey carried out around a secondary 
Vertimill grinding circuit. The material was used in batch tests using a Bond ball mill to determine 
its breakage parameters. The estimated breakage and selection function parameters obtained from 
grinding in a ball mill were used to estimate the product particle size distribution from the industrial 
vertical mill application. 
3.3  Population Balance Model 
A grinding process can be characterized by two physically measurable quantities: the 
selection function and the breakage function. The selection function describes the rate of breakage 
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of particles in each size interval, and the breakage function gives the product size distribution 
resulting from a single breakage event.  
3.3.1  Breakage Function 
 The breakage function can be estimated from a batch grinding process by analyzing the 
original feed size distribution and final particle product size distribution. The following procedure 
describes the steps for estimating the breakage function according to Austin et al. (1984): 
- At a given operating condition, a known feed size sample is fed to the mill and run for a 
short period of time in order to break less than 30% of the top size interval; 
- The mill is stopped, and the product is unloaded; 
- A representative mass of the product is obtained, and the unbroken and broken particles 
are measured by sieve analysis using a set of Tyler sieves. The sieve analysis time is 
generally set between 15 to 25 minutes to give each particle a chance to pass through the 
sieves (Carpenter & Deitz, 1950); 
- From the results of sieve analysis, the cumulative breakage function parameters can be 
estimated using Equation 2.13, presented in Chapter 2. 
The breakage function generally does not vary with feed size or the comminution 
equipment used (Austin, Klimpel, & Luckie, 1984; Gutiérrez & Sepúlveda, 1986). In order to 
ensure the breakage function invariance, different feed sizes of the aggregate sample were tested 
using the ball mill and the vertical stirred mill. The as-received sample of 100% passing 19 mm in 
diameter was initially crushed in a one-stage process using a jaw crusher. The jaw crusher product 
of about 100% passing 5 mm in diameter was then crushed in a two-stage process using a roll 
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crusher to ensure that approximately 100% of the material would pass a 1.18 mm Tyler sieve. The 
roll crusher product was then characterized by size, and single-size fractions were obtained.   
 
Figure 3.5 (a) as-received aggregate, (b) jaw crusher product, and (c) roll crusher product 
 
Table 3.6 Single-size fractions obtained from an aggregate sample 
Size number Single size fraction (μm) 
1 -841 + 595 
2 -595 + 420 
3 -420 + 297 
4 -297 + 210 
5 -210 +149 
6 -149 + 105 
 
The breakage function was first determined using the ball mill, and then the custom-built 
vertical mill. The operating conditions used for the ball mill were the same as those used for the 
standard BWI test: (a) 70 rpm speed; (b) steel balls; (c) dry test; and (d) total feed weight occupying 
700 ml of a graduated cylinder. Table 3.7 summarizes the operating conditions used in the tests 
performed in the vertical stirred mill. The dry feed was set to occupy a 700 ml volume in order to 
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keep the same volumetric amount of material tested using the ball mill. Water was added to the 
vertical mill until the static ball charge was covered entirely. The amount of water was measured, 
and 35% of solids concentration by weight was calculated based on the required amount of water 
necessary to cover all the balls.  
Table 3.7 Vertical mill operating conditions used to estimate the breakage function of an 
aggregate sample 
Stirrer speed  rpm 130; 160; 190; 220  
Grinding media size  mm 4.75; 6.35; 9.50 
Percentage of solids by weight % 35 
Total load of balls kg 21.4 
 
Each grinding parameter described in Table 3.7 was individually analyzed, while the others 
were held constant. Therefore, for each single-size fraction of feed, a total of 12 tests were 
conducted. After each test, the product was unloaded from the vertical mill, pressure filtered, and 
dried using a laboratory hot plate. The dry product mass was recorded, and a representative sample 
was used to characterize the product by size using a set of Tyler sieves. 
3.3.2  Selection Function 
The dependency of the selection function with the grinding equipment was studied. The 
same operating conditions used to calculate the breakage function in the ball mill were used to 
determine the selection function. Single-size feed samples were tested using the vertical stirred 
mill under different operating conditions. The operating conditions are summarized in Table 3.7. 
Approximately five grinding tests were performed for each test condition to determine the 
breakage rate.  
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The following steps were used for estimating the selection function in a laboratory grinding 
mill: 
- At a given operating condition, a known feed size sample was fed to the mill and initially 
run for a short period t1. The initial grinding time, t1, was the same used to determine the 
breakage function; 
- The mill was stopped, and the whole mill product was unloaded for particle size analysis; 
- A representative mass of material was obtained through sampling, and the product size 
distribution was determined using an appropriate set of sieves; 
- At the same grinding operating conditions, all the product from the first grinding test 
returned to the mill. The mill ran again for other times: t2, t3, t4 and t5. The product particle 
size distribution was measured after each grinding time.  
The specific selection function, described by Equation 2.19 presented in Chapter 2, was 
estimated based on the power consumed by the mill, or specific energy, and the product particle 
size distribution obtained after each grinding test. 
Specific Energy 
The net power draw from the ball mill was estimated using Equation 3.5, developed by 
Rowland (1986).  
𝑃𝑏𝑎𝑙𝑙 = 6.3 ∗ 𝐷𝑚0.3 ∗ sin (51 − 22 (2.44−𝐷𝑚2.44 )) ∗ (3.2 − 3𝐽) ∗ 𝑉𝑐 ∗ (1 − 0.12(9−10𝑉𝑐))       (3.5) 
Where 𝑃𝑏𝑎𝑙𝑙 is the power draw at the pinion gear (kW/t); 𝐷𝑚 is the internal mill diameter 
(m); 𝐽 represents the total ball filling; and 𝑉𝑐 is the critical speed fraction. 
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The torque data generated by the torque sensor installed in the agitator shaft of the vertical 
mill and the stirrer speed were used to calculate the power draw, according to Equation 3.6. 
𝑃 = 2 ∗ 𝜋 ∗ 𝜏 ∗ 𝑣                                                         (3.6) 
Where P is the grinding power (W); τ is torque (N.m); and 𝑣 is the stirrer speed (rps). 
The specific grinding energy can then be calculated using the result obtained for power, 
the measured grinding time, and the mass of solids, as shown in Equation 3.7. 
𝑆𝐸 = 𝑃 ∗ 𝑡𝑔𝑀𝑠                                                                (3.7) 
Where 𝑆𝐸 is the specific grinding energy (kWh/ton); 𝑡𝑔 is the grinding time (hr); and 𝑀𝑠 
is the total mass of solids (ton). Table 3.8 shows an example for determining the specific energy 
from a grinding test. 
Table 3.8 Specific energy calculation example 
Average torque (N.m) 7.100 
Grinding time (h) 0.017 
Agitator speed (rpm) 160 
Average power (kW) 0.119 
Solids (kg) 1.140 
Specific Energy (kWh/ton) 1.774 
 
3.4  Industrial Sampling Survey 
 A sampling survey was carried out around a secondary grinding operation using a 650HP-
VTM mill. The survey was designed to last 90 minutes where sampling increments were obtained 
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every 15 minutes. Experimental data obtained from the survey were initially balanced to obtain 
consistent size distributions and flow rates for each stream analyzed. Figure 3.6 illustrates the 
flowsheet of the grinding circuit surveyed.  
 
Figure 3.6 Simplified grinding circuit flowsheet of a secondary operation using a 650HP-
VTM mill processing copper ore 
 
In order to evaluate the grinding circuit described in Figure 3.6, samples from the fresh 
feed, mill products and streams around the hydro-cyclone were collected. The hydro-cyclone 
overflow sample represents the grinding circuit final product. A sample of the fresh feed to the 
circuit was obtained by using a square cup cutter on the conveyor belt feeding the primary grinding 
circuit. The 650HP-VTM’s fresh feed, mill product, the overflow, underflow and hydrocyclone 
feed samples were collected using pulp cutters. Operating condition during sampling was recorded. 
Particle size distribution, solids content, and specific gravity were calculated for all streams 
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sampled. The 650HP-VTM’s circulating load, grinding efficiency and specific selection function 
were also estimated.  
A kinetic test was performed on the ball mill using the fresh feed sample to the 650HP-
VTM to determine the breakage parameters of the material being comminuted. The specific 
selection function was obtained from laboratory testing and used to estimate the product particle 
size distribution from the industrial Vertimill.  
3.5  Experimental Repeatability 
 In order to study the reproducibility of the results obtained in the grinding tests, some tests 
were performed more than once following the same procedure. This effort provides insight into 
experimental variability while checking for common experimental errors such as (a) incorrect 
sample homogenization; (b) improper sieving time; (c) loss of material during mill loading and 
unloading; (d) incorrect grinding time; and (e) blind sieves. 
 
Figure 3.7 Size analysis for a repeat experiment performed in a vertical mill shown as a 




Figure 3.7 illustrates the product particle size distribution as a function of grinding time 
with the repeated experimental test. Only small deviations are observed from analyzing the curves 
shown in Figure 3.7, thus good data reproducibility was obtained.  
3.6  Discrete Element Method 
Discrete Element Method (DEM) modeling of a vertical stirred mill was performed. DEM 
was used to understand the grinding mechanism in a vertical stirred mill, and the effect of different 
operating conditions on the power draw. 
The simulation studies were carried out using the software Rocky-DEM (Rocky, 2017). 
The dimensions of the simulated vertical mill were the same as the custom-built laboratory vertical 
mill. The grinding media density and Young’s modulus used in the simulations were 7850 kg/m3, 
and 2.0x108 kPa, respectively, to represent chrome steel balls. A coefficient of restitution of 0.60, 
a friction coefficient of 0.22, and a coefficient of rolling resistance of 0.01 were selected to best 
represent all ball-ball and ball-liner collisions. These parameters have predicted a realistic power 
draw response and grinding media movement when compared to the results measured in the 
laboratory-scale mill (see Chapter 7). The simulated process was operated “dry”, and the feed 
material was omitted from the process because its size was significantly smaller than the balls. 
Three sizes of balls, four different stirrer speeds, and a range of loads of balls were tested in the 
model, and their effect on power draw was measured. The grinding simulation accounted for 10 
simulated seconds. This simulation time proved to be long enough to collect detail quantitative 
data and for the process to reach steady state. Figure 3.8 shows the geometry of the vertical mill 




Figure 3.8 Vertical mill geometry (left) and Rocky-DEM simulation of the vertical mill 
(right) 
 
3.6.1  Model Calibration 
Power draw results were collected for every simulation as a function of time. The average 
power draw was calculated after the simulation reached steady state. The parameters varied in the 
DEM simulations are shown in Table 3.10.  
Table 3.9 Summary of the variables analyzed using the Rocky-DEM software 
Stirrer speed (rpm) 130; 160; 190; 220 
Size of balls (mm) 4.75; 6.35; 9.50 
Total load of balls (kg) 19 to 23 
 
The numerical model was calibrated in terms of power draw. The results obtained in the 
laboratory vertical stirred mill were compared with the results obtained from the numerical 
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simulations. The coefficient of friction and the coefficient of restitution were varied until a 






LABORATORY VERTICAL STIRRED MILL POWER 
4.1 Introduction 
Vertical mill power consumption was investigated for different mill operating conditions. 
Power consumption is one of the main variables considered when designing a grinding circuit. 
Therefore, quantifying the effect of different operating conditions on power consumption will lead 
to an in-depth understanding of the vertical stirred mill operation. 
A range of stirring speeds and three different grinding media sizes were tested using only 
water in the laboratory vertical stirred mill. A torque meter was installed in the agitator shaft, and 
a laptop computer was connected to the torque meter panel for data acquisition. The measured 
torque (N.m) was converted into power draw (W), and power intensity (W/kg of balls) was 
calculated for each test. 
4.2 Mill Power 
It has been reported in the literature that the grinding power is directly proportional to the 
stirrer speed, the size of the grinding media and the height of media inside the mill chamber (Duffy, 
1994; Jankovic & Morrel, 1997). It was observed that irrespective of the size of grinding media or 
media height, torque results were proportional to the stirring speed. However, it is expected that 
with further increase in stirring speed a maximum torque value will be reached and, after this point, 
a decrease is expected due to media fluidization.  Figure 4.1 shows the effect of the stirrer speed 




Figure 4.1 Measured torque using 9.50 mm balls 
 
A non-linear relationship between stirrer speed and average torque was observed. An 
increase in speed from 130 rpm to 160 rpm increased the average measured torque from 6.4 N.m 
to 6.8 N.m (6.25%) while an increase in speed from 190 rpm to 220 rpm increased the average 
torque from 7.2 N.m to 7.8 N.m (8.33%). A non-linear relationship was also observed when testing 
the smaller balls. Figures 4.2 and 4.3 show the effect of the stirrer speed on torque using 6.35 mm 
and 4.75 mm balls, respectively. 
From the measured average torque results, the power draw can be calculated using 
Equation 4.1. 
𝑃 = 2 ∗ 𝜋 ∗ 𝜏 ∗ 𝑣                                                          (4.1) 





Figure 4.2 Measured torque using 6.35 mm balls  
 
 
Figure 4.3 Measured torque using 4.75 mm balls 
 
Table 4.1 shows the average results obtained for torque (N.m) and the respective power 




Table 4.1 Average measured torque and power draw obtained from a laboratory vertical 










(W/kg of balls) 
130 9.50 6.41 87.3 4.07 
160 9.50 6.81 114 5.32 
190 9.50 7.21 143 6.69 
220 9.50 7.76 179 8.34 
130 6.35 5.63 76.6 3.57 
160 6.35 6.11 102 4.77 
190 6.35 6.45 128 5.99 
220 6.35 6.92 159 7.44 
130 4.75 4.99 67.9 3.17 
160 4.75 5.34 89.5 4.17 
190 4.75 5.78 115 5.36 
220 4.75 6.13 141 6.59 
 
Figure 4.4 shows the average power intensity (W/kg) obtained from Table 4.1 as a function 
of stirrer speed for all three sizes of balls tested in the laboratory vertical mill.  
The power intensity, a measure of the energy input per each unit mass of balls, increases 
with an increase in stirrer speed and grinding media size. It is known that the number and intensity 
of collisions increases with the stirrer speed (Fadhel & Frances, 2001). Thus the higher power 
intensity obtained with an increase in speed. The use of smaller media size is known to be 
beneficial for fine grinding due to the available total grinding surface area. However, a decrease 
in grinding media size can cause a reduction in particle fracture effectiveness due to the lower 
collision energies associated with smaller media (Zheng, Harris, & Somasundaran, 1995). 
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According to Jankovic (1999), the increase in power intensity observed when increasing grinding 
media size is associated with a reduction in slip and, therefore, higher media velocities and power 
draw. 
 
Figure 4.4 Average power intensity as a function of stirrer speed from testing in a 
laboratory vertical stirred mill 
 
From the results shown in Table 4.1, an equation is proposed to estimate the power intensity 
as a function of stirrer speed and grinding media size for the laboratory vertical stirred mill. 
Equation 4.2 assumes a 50% ball filling and that a power relationship exists between the grinding 
media size and torque. A maximum relative error of 5.11% was observed when predicting the 
power intensity as seen in Table 4.2. 
𝑃𝑖 = (0.0239 ∗ 𝑣 − 1.30) ∗ 𝐵0.341                                       (4.2) 
Where 𝑃𝑖 represents the power intensity (W/kg of balls); 𝑣 is the stirrer speed (rpm), and 𝐵 is the grinding media size (mm). 
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Table 4.2 Average measured and predicted power intensity from testing in a laboratory 














130 9.50 4.07 3.89 4.49 
160 9.50 5.32 5.43 2.13 
190 9.50 6.69 6.98 4.33 
220 9.50 8.34 8.53 2.23 
130 6.35 3.57 3.39 5.11 
160 6.35 4.77 4.74 0.73 
190 6.35 5.99 6.08 1.55 
220 6.35 7.44 7.43 0.13 
130 4.75 3.17 3.07 3.22 
160 4.75 4.17 4.29 2.84 
190 4.75 5.36 5.51 2.78 
220 4.75 6.59 6.73 2.12 
 
Figure 4.5 shows the effect of the grinding media load on torque measured over a period 
of 2 minutes using 6.35 mm balls at a constant 160 rpm stirring speed. 
Table 4.3 shows the average results obtained for torque (N.m) and the respective power 





Figure 4.5 Effect of media load on torque using 6.35 mm balls at a constant 160 rpm stirrer 
speed 
 
Table 4.3 Average measured torque and power draw obtained from a laboratory vertical 
stirred mill when varying media loads and using 6.35 mm balls at a constant 160 rpm speed  







(W/kg of balls) 
19.7 5.39 90.3 4.59 
21.4 6.11 102 4.77 
22.9 7.05 118 5.15 
24.8 7.68 129 5.29 
 
Figure 4.6 represents the average power intensity (W/kg) as shown in Table 4.3 as a 
function of total media load. It was observed that the power intensity slightly increases with an 
increase in the total media load. According to Hansan (2016), an increase in power draw and 
grinding volume may result in a higher number of breakage events inside the mill chamber. 
Therefore, it is expected to obtain larger selection function values when media load is increased. 
It should be noted that other factors such as media and liners wear rate, media consumption and 
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energy costs play an important role when selecting the optimum operating condition for a specific 
grinding application. Consequently, maximizing power intensity may not result in an optimum 
comminution condition.  
 
Figure 4.6 Average power intensity as a function of total media load 
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CHAPTER 5  
FINE PARTICLE BREAKAGE MODELING USING THE LABORATORY VERTICAL 
STIRRED MILL 
5.1 Introduction 
Grinding test work data was used to analyze the accuracy of an energy-size population 
balance modeling to predict the product particle size distribution from a laboratory vertical stirred 
mill. The effect of different operating conditions on the breakage parameters was investigated.  
5.2 Population Balance Model 
A campaign of batch laboratory tests was carried out using a vertical stirred mill to 
determine the breakage and selection function parameters of an aggregate sample. Table 5.1 shows 
the breakage and selection function parameters determined from the laboratory batch tests for 
different operating conditions. 
Table 5.1 Breakage and selection function parameters of an aggregate sample determined 





Breakage function Selection function 𝜙 𝛾 𝛽 𝑆1𝐸 ζ1 ζ2 
130 4.75 0.326 1.30 3.88 0.475 0.100 -0.101
160 4.75 0.332 1.30 3.82 0.462 0.100 -0.101
190 4.75 0.327 1.30 3.86 0.468 0.104 -0.103
220 4.75 0.327 1.30 3.86 0.458 0.102 -0.102
Average 0.328 1.30 3.86 0.466 0.102 -0.102
Standard Deviation (%) 0.235 0.14 2.15 0.642 0.166 0.0830 
130 6.35 0.332 1.30 3.80 0.600 0.283 -0.100
160 6.35 0.334 1.29 3.84 0.595 0.280 -0.0950
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Breakage function Selection function 𝜙 𝛾 𝛽 𝑆1𝐸 ζ1 ζ2 
190 6.35 0.330 1.29 3.82 0.603 0.283 -0.0980
220 6.35 0.331 1.30 3.83 0.611 0.284 -0.100
Average 0.332 1.30 3.82 0.602 0.283 -0.0990
Standard Deviation (%) 0.148 0.406 1.35 0.580 0.150 0.205 
130 9.50 0.333 1.30 3.77 0.715 0.388 -0.0960
160 9.50 0.337 1.29 3.84 0.716 0.385 -0.103
190 9.50 0.332 1.29 3.79 0.717 0.388 -0.0980
220 9.50 0.331 1.30 3.81 0.719 0.389 -0.0990
Average 0.333 1.30 3.80 0.717 0.388 -0.0990
Standard Deviation (%) 0.228 0.200 2.82 0.148 0.150 0.255 
All product particle size distribution results for the single-size feed samples from the 
vertical stirred mill grinding tests are presented in Appendix A. 
The breakage function curve is shown in Figure 5.1. 
It is known that the breakage function can generally be normalized with respect to the 
parent size interval (Herbst, Grandy, & Fuerstenau, 1973). The normalization process concerning 
particle size is defined as the ratio of the bottom size of each size interval to that of the top size. 
Thus, the breakage function calculations can be simplified by assuming that the fragments 
distribution produced from one size class interval is also applicable for the other size intervals. In 
summary, a normalized breakage function means that a dimensional similarity exists among the 
fragments produced from the breakage of any size interval. The breakage function curves 
presented in Figure 5.1 as a function of media size showed a similar shape. Therefore, an average 
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of the breakage function parameters was considered to represent the breakage function of the 
aggregate material used in this study from grinding in a vertical stirred mill.  
 
Figure 5.1 Breakage function from grinding in a laboratory vertical stirred mill  
 
Table 5.1 shows the specific selection function parameters invariance with stirring speed, 
but dependent on the grinding media size. These results are in accordance with the observations 
made by Lo and Herbst (1986) and Herbst and Fuerstenau (1980) that the specific selection 
function does not change with operating conditions but is dependent on the grinding media size.  
Figure 5.2 shows the specific selection function curves obtained for the aggregate sample 
as a function of grinding media size. The specific selection function parameters were estimated 
using single-size feed samples with a maximum size interval of -841μm +595μm. The specific 
selection function curves were then extrapolated to estimate results for larger particle size 
intervals.  
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Figure 5.2 Specific selection function from grinding in a laboratory vertical stirred mill  
The shape of the curves obtained for the specific selection function as a function of grinding 
media size are as expected. Larger specific selection function values were obtained by using the 
larger media to comminute the coarse particles, while the smaller media showed to be more 
effective in the fine particle breakage area. Figures 5.3 to 5.5 show the measured product particle 
size distribution and simulated results. 
Appendix A shows the predicted product particle size distribution curves obtained from 
using the breakage and selection function parameters estimated from grinding single-size feed 







Figure 5.3 Measured (points) and predicted (dotted lines) product particle size distribution 








Figure 5.4 Measured (points) and predicted (dotted lines) product particle size distribution 








Figure 5.5 Measured (points) and predicted (dotted lines) product particle size distribution 




The predictions of the product particle size distribution obtained using the estimated 
breakage and specific selection function parameters are very similar to the experimental data. 
Therefore, a size-energy population balance model can be used to predict the product particle size 





PRODUCT PARTICLE SIZE DISTRIBUTION PREDICTION USING A BALL MILL 
6.1 Introduction 
A ball mill was used to collect particle breakage parameters of aggregate and copper ore 
samples. The breakage function and selection function obtained from grinding aggregate in a ball 
mill were compared with the results obtained from the laboratory vertical stirred mill. The results 
indicate that it is possible to predict the product particle size distribution from a laboratory vertical 
stirred mill using a ball mill.  
In order to validate the proposed ball mill methodology for predicting product size 
distribution from a vertical stirred mill, a sampling survey campaign was conducted around an 
industrial vertical mill. The material collected from the fresh feed to the industrial vertical mill 
circuit, copper ore, was tested using a ball mill. The breakage parameters obtained from a ball mill 
were used to predict the product particle size distribution from the vertical mill.   
6.2 Experimental Tests 
Single-size fractions of an aggregate material were used to determine the breakage and 
selection function parameters from grinding in a ball mill. The following tables show the product 
particle size distribution obtained for different grinding times using single-size feed samples. 
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Table 6.1 Product size distribution from grinding in a ball mill using -595 +420μm feed 
Time (s) 0 33 65 113 170 284 
Sp. Energy 
(kWh/t) 
0 0.590 1.17 2.05 3.08 5.13 
Size (μm) % Pass. % Pass. % Pass. % Pass. % Pass. % Pass. 
595 100. 100. 100. 100. 100. 100. 
420 0 23.1 30.7 48.2 68.8 86.6 
297 0 11.7 17.6 29.8 47.0 73.6 
210 0 7.19 11.5 19.1 31.6 57.0 
149 0 4.45 7.49 12.9 22.9 42.9 
105 0 2.38 3.76 8.29 15.9 33.8 
74 0 0.820 1.38 5.27 10.6 24.8 
52 0 0.400 0.580 2.99 6.40 15.4 
 
 
Table 6.2 Product size distribution from grinding in a ball mill using -420 +297μm feed 
Time (s) 0 33 71 116 221 
Sp. Energy 
(kWh/t) 
0 0.590 1.28 2.10 4.00 
Size (μm) % Pass. % Pass. % Pass. % Pass. % Pass. 
420 100. 100. 100. 100. 100. 
297 0 23.2 39.4 53.6 76.6 
210 0 10.3 19.9 32.4 57.7 
149 0 6.18 13.3 22.4 44.6 
105 0 3.47 8.26 13.1 29.1 
74 0 2.14 5.83 8.46 18.5 




Table 6.3 Product size distribution from grinding in a ball mill using -297 +210μm feed 
Time (s) 0 37 73 120 210 
Sp. Energy 
(kWh/t) 
0 0.670 1.32 2.16 3.79 
Size (μm) % Pass. % Pass. % Pass. % Pass. % Pass. 
297 100. 100. 100. 100. 100. 
210 0 22.7 37.6 52.2 72.1 
149 0 10.8 19.5 31.1 48.2 
105 0 6.76 12.0 20.3 31.7 
74 0 3.26 7.06 12.0 20.3 
52 0 2.11 4.40 6.82 13.1 
 
 
Table 6.4 Product size distribution from grinding in a ball mill using -210 +149μm feed 
Time (s) 0 25 66 123 
Sp. Energy 
(kWh/t) 
0 0.450 1.19 2.23 
Size (μm) % Pass. % Pass. % Pass. % Pass. 
210 100. 100. 100. 100. 
149 0 12.2 28.7 44.1 
105 0 5.13 16.4 25.9 
74 0 3.57 9.41 15.6 





Table 6.5 Product size distribution from grinding in a ball mill using -149 +105μm feed 
Time (s) 0 22 62 127 
Sp. Energy 
(kWh/t) 
0 0.390 1.12 2.30 
Size (μm) % Pass. % Pass. % Pass. % Pass. 
149 100. 100. 100. 100.
105 0 6.48 16.8 36.3 
74 0 3.03 7.3 19.5 
52 0 1.26 3.7 13.3 
The breakage and selection function parameters were estimated using Equations 2.13 and 
2.19 described in Chapter 2. Table 6.6 shows the average results obtained for the breakage and 
selection function parameters.  
Table 6.6 Average result obtained for the breakage and selection functions parameters for 
an aggregate sample using a ball mill 
Sample 
Breakage function Specific selection function 𝜙 𝛾 𝛽 𝑆1𝐸 ζ1 ζ2 
Aggregate 0.330 1.30 3.88 0.505 0.287 -0.0990




Figure 6.1 Breakage and selection functions curves for an aggregate sample using a ball 
mill 
 
The following figures show the product size distribution obtained by using the estimated 
breakage and selection function parameters (dotted lines) as well as the values measured in the 
laboratory test (markers) as a function of grinding time for each single-size aggregate feed sample 
tested.  
 


















Figure 6.6 Measured and predicted product size distribution for a -150 +105μm feed  
 
The estimated breakage parameters show great accuracy when predicting the product 
particle size distribution of an aggregate sample from grinding in a ball mill. The average deviation 
in the predicted results is 2.55%. All of the product particle size distribution results for the single-
size feed samples from the ball mill grinding tests are presented in Appendix B. 
98 
 
6.3  Predicting the Product Particle Size Distribution from a Laboratory Vertical Mill 
6.3.1  Specific Selection Function 
The breakage parameters obtained from grinding in a ball mill and in the laboratory vertical 
stirred mill were compared to define a relationship that would allow the use of a ball mill to predict 
the product particle size distribution from the laboratory vertical stirred mill. Table 6.7 shows the 
breakage parameters determined from laboratory batch tests using both grinding mills. 
Table 6.7 Average result obtained for the breakage and selection function parameters fo r an 




Breakage function Selection function 𝜙 𝛾 𝛽 𝑆1𝐸 ζ1 ζ2 
Vertical stirred 
mill 
4.75 0.328 1.30 3.86 0.466 0.102 -0.102 
6.35 0.332 1.30 3.82 0.602 0.283 -0.0980 
9.50 0.333 1.30 3.80 0.717 0.388 -0.0990 
Ball mill distribution 0.330 1.30 3.88 0.505 0.287 -0.0990 
 
The use of 6.35 mm balls in the vertical stirred mill produced results very similar to the 
results obtained from the ball mill. The results comparison showed that a scale-up factor of 1.20 
could be applied to the 𝑆1𝐸 parameter obtained from the ball mill to estimate the 𝑆1𝐸 parameter from 
the laboratory vertical stirred mill using 6.35 mm balls. Table 6.8 presents the breakage parameters 
obtained from the vertical stirred mill using 6.35 mm balls, the breakage parameters from the ball 
mill and the adjusted 𝑆1𝐸, as well as the standard deviation between each parameter. 
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Table 6.8 Breakage parameters obtained from the vertical stirred mill and ball mill with the 




Breakage function Selection function 𝜙 𝛾 𝛽 𝑆1𝐸 ζ1 ζ2 
Vertical stirred mill 6.35 0.332 1.30 3.82 0.602 0.283 -0.0980 
Ball mill distribution 0.330 1.30 3.88 0.606* 0.287 -0.0990 
Standard Deviation (%) 0.141 0.283 3.82 0.283 0.283 0.0710 
* Adjusted 𝑆1𝐸 using a scale-up factor of 1.20 
 
Figures 6.7 and 6.8 show the product particle size distribution obtained by using the 
estimated breakage and selection function parameters (dotted lines) from a ball mill presented in 
Table 6.8.  The values measured in the laboratory test (markers) using 6.35 mm balls in the vertical 
stirred mill for a -595 +420μm and -420 +297μm aggregate feed size sample, respectively, are also 
shown in Figures 6.7 and 6.8. 
 
Figure 6.7 Simulated (dotted lines) and measured (markers) product particle size 





Figure 6.8 Simulated (dotted lines) and measured (markers) product particle size 
distribution of a -420 +297μm aggregate feed size sample 
 
All sizing results from the vertical stirred mill using 6.35 mm balls and the simulated results 
using the breakage parameters obtained from the ball mill are presented in Appendix C. 
Good data agreement was obtained between the measured product size distribution 
obtained from the laboratory vertical stirred mill and the simulated results using the breakage 
parameters obtained from a ball mill. Therefore, the proposed model in which a ball mill is used 
to predict the product particle size distribution from a laboratory vertical stirred mill showed to be 
valid for the operating conditions and the material tested in this study. This result suggests that a 
ball mill has the potential to be used for design purposes of the vertical stirred mill that is the 
subject of this research. Therefore, an industrial sampling survey around a Vertimill circuit was 
conducted in order to evaluate the use of a ball mill to predict the final product particle size 




6.4  Predicting the Product Particle Size Distribution from an Industrial-Scale Vertical 
Stirred Mill 
6.4.1  Sample Size 
Figure 6.9 presents the flowsheet of the grinding circuit used in this study. A Vertimill 
650HP was used as a secondary grinding mill. The blue dots denote sampling points. 
 
Figure 6.9 Simplified grinding circuit flowsheet of a secondary operation using a 650HP-
VTM mill processing copper ore 
 
The required sample size to represent the system was obtained using Equation 6.1 
developed by Barbery (1972), and based on the Gy sampling theory (Gy, 1982). 
𝑀 = 𝑓∗𝜌∗𝑑𝑚3𝜃2∗𝑃                                                              (6.1) 
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Where M represents the sample mass (g); f is a material factor (0 < f < 1, in which 0.1 
represents lamellar particles, and 1 is for spherical particles. Most ores are classified with an f 
factor ranging from 0.3 to 0.7.);  is the material density (g/cm3); dm represents the median particle 
size (cm) in the size interval of interest; P represents the estimated percentage of material in the 
size interval of interest; and  is the standard deviation. 
The standard deviation, , is determined based on the confidential interval adopted 
according to a normal distribution. 
𝜃 = ∅𝑧                                                                (6.2) 
Where ∅ is the chosen precision (%), and z, also called z-score, represents the probability 
of obtaining a value above or below that given value. 
Table 6.9 illustrates the z-score values for different confidence levels in a normal 
distribution. 
Table 6.9 Z-scores for a normal distribution (Napier-Munn, 1999) 










Table 6.10 shows the values used to determine the minimum mass required for each stream 
based on the equation developed by Barbery (1972). 

















Vertimill fresh feed 0.6 2.8 10 5 95 10 3000 
Vertimill discharge 0.6 2.8 10 5 95 10 3000 
Cyclone feed 0.6 2.8 10 5 95 10 3000 
Cyclone overflow 0.6 2.8 6 5 95 10 1000 
Cyclone underflow 0.6 2.8 10 5 95 10 3000 
 
6.4.2  Sampler Design 
Three samplers were designed to be used in the survey. Stream pipe diameters, sampling 
locations, flow rates, percent solids and maximum particle size were considered when designing 
the sampler.  
Figure 6.10 shows a schematic of the sampler cup designed for this survey. One sampler 
was used for cyclone feed, overflow, and underflow points, while a smaller size sampler was used 
for the fresh feed point. The sampler cup was designed with angled walls to avoid material spillage. 
A mobile mount system was specifically designed to collect the mill discharge sample due 
to the high flow and solids content of this stream. The system was mounted on the mill discharge 
tank, where a sampler cup was attached to its top. The mobile mount system allowed radial 
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movement in order to sample the whole area of the discharge pipe. Figure 6.11 shows a schematic 
of the mill discharge sampler. 
 
Figure 6.10 Schematic of a sampler cup and handle 
 
 
Figure 6.11 Schematic of the mobile mount system and sampler designed to collect the 




6.4.3  Sample Characterization 
Table 6.11 presents the mass balance for the industrial Vertimill 650HP circuit. 












Solids flowrate (t/h) 81.4 352 433 81.4 352 
Solids Conc. (%) 51 72 56 33 72 
Water flowrate (m3/h) 78.2 151 298 164 134 
Pulp density (t/m3) 1.5 1.8 1.6 1.3 1.9 
P80 (μm) 2830 941 1210 193 1470 
i μm % Pass. % Pass. % Pass. % Pass. % Pass. 
1 9510 100. 100. 100. 100. 100. 
2 6730 99.1 99.9 99.7 100. 99.7 
3 4750 93.3 99.0 98.0 100. 97.5 
4 3330 84.5 97.4 95.0 100. 93.8 
5 2360 75.5 94.8 91.2 100. 89.1 
6 1650 66.9 91.1 86.6 100. 83.5 
7 1170 56.4 85.2 79.8 100. 75.1 
8 844 48.5 77.8 72.3 99.9 65.9 
9 589 41.3 67.8 62.8 99.9 54.2 
10 425 34.6 55.3 51.4 98.7 40.5 
11 297 28.7 41.5 39.1 93.9 26.4 
12 212 23.9 29.2 28.2 84.0 15.3 
13 149 19.5 19.9 19.8 70.5 8.12 
14 105 16.5 13.8 14.4 57.4 4.38 
15 75 13.5 9.87 10.6 45.8 2.39 
16 52 12.0 7.40 8.26 37.5 1.50 
17 38 10.1 5.79 6.60 30.7 1.00 
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A material density of 2.78 g/cm3 was measured using a Stereopycnometer. A standard Bond 
Work Index test was performed on the material resulting in a Work Index of 13.6 kWh/t. The 
average power draw measured during the sampling survey was 403 kW. 
Figure 6.12 shows the balanced particle size distributions. 
 
Figure 6.12 Particle size distributions from a sampling survey around a 650HP-VTM 
circuit 
 
6.4.4  Batch Laboratory Kinetic Tests 
 The Vertimill fresh feed sample was used in the batch tests using a ball mill to determine 
the material’s breakage parameters. The fresh feed sample was wet screened using Tyler sieves; 
the coarse material, +3.36 mm, was removed. The use of -3.36 mm particles is a reference in 
grindability testing using a ball mill. Further, because the ball mill operating conditions and ball 
charge was kept the same for a standard Work Index test, it seems reasonable to also adopt the 
reference feed size to determine the breakage parameters. 
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Table 6.12 shows the measured product particle size distribution obtained from grinding in 
the ball mill as a function of grinding time for the Vertimill fresh feed sample. 
Table 6.12 Product particle size distribution from grinding in the ball mill as a function of 
grinding time for the Vertimill fresh feed sample 
Time (s) 0 60 180 330 609 
Sp. Energy 
(kWh/t) 
0 1.09 3.25 5.96 11.0 
Size (μm) % Pass. % Pass. % Pass. % Pass. % Pass. 
3360 100. 100. 100. 100. 100. 
2830 95.0 97.6 99.0 99.6 100. 
2380 89.4 95.0 97.7 99.1 100. 
1700 79.1 89.7 95.6 98.4 100. 
1180 67.5 83.5 93.6 97.9 99.9 
850 58.1 77.3 91.8 97.5 99.8 
595 49.2 69.7 89.1 97.1 99.7 
420 41.0 61.0 84.2 96.3 99.6 
297 33.8 51.9 75.3 94.0 99.4 
210 28.1 44.1 65.0 87.3 98.9 
150 22.8 37.0 54.1 74.7 96.3 
105 18.2 31.1 44.8 61.4 86.9 
74 14.4 26.4 37.6 51.3 73.2 
52 12.6 22.0 31.1 41.6 59.2 
38 10.2 18.1 25.2 33.5 48.7 
6.4.5  Breakage Parameters 
The breakage function and selection function parameters were estimated using Equations 
2.13 and 2.19 previously described in Chapter 2. Table 6.13 shows the results obtained for the 
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breakage and selection function parameters, while Figure 6.13 represents the breakage and 
selection functions curves. 
Table 6.13 Estimated breakage function and selection function parameters for the Vertimill 
fresh feed sample using the ball mill 
Sample 
Breakage function  Specific selection function  𝜙 𝛾 𝛽 𝑆1𝐸 ζ1 ζ2 
Fresh feed 0.585 0.705 2.20 0.838 0.602 -0.281 
 
 
Figure 6.13 Breakage and selection functions curves for the Vertimill fresh feed sample 
from testing using a ball mill 
 
Figure 6.14 shows the product particle size distributions obtained in the batch mill tests 
using a ball mill (markers) and the model fitting (dotted lines) using the breakage parameters 




Figure 6.14 Breakage and selection functions curves for the Vertimill fresh feed sample 
from testing using a ball mill 
 
The experimental and model fitting results correlated very well. Therefore, the estimated 
breakage parameters can provide adequate product particle size distribution predictions. 
6.4.6   Vertimill 650HP Simulation 
The estimated breakage and selection function parameters obtained from grinding in a ball 
mill were used to estimate the product particle size distribution from the industrial vertical mill 
application that uses a 650HP-VTM mill. The specific selection function parameter, 𝑆1𝐸, was 
scaled-up to fit the product size distribution obtained from the vertical stirred mill while all the 
other breakage parameters determined using a ball mill were kept the same. Internal mill 
classification effects and the cyclone separation efficiency were not considered in this study.  
Table 6.14 shows the breakage and selection function parameters used to estimate the 
product particle size distribution from a 650HP-VTM. 
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Table 6.14 Estimated breakage and selection function parameters used to predict grinding 
in a 650HP-VTM 
Sample 
Breakage function  Specific selection function  𝜙 𝛾 𝛽 𝑆1𝐸∗ ζ1 ζ2 
Fresh feed 0.585 0.705 2.20 1.05 0.602 -0.281 
 
The scale-up factor used to adjust the specific selection function parameter 𝑆1𝐸  was k = 1.25 (𝑆1𝐸∗ = 𝑆1𝐸𝑥 𝑘). 
Figure 6.15 shows the experimental (marker) product particle size distribution from the 
650HP-VTM obtained from the sampling survey and the model prediction (black dotted line) using 
the breakage parameters presented in Table 6.14. 
 
Figure 6.15 Measured and predicted product particle size distribution from a 650HP-VTM 




The excellent data agreement between the measured and predicted product particle size 
distribution demonstrates that the breakage parameters estimated using the ball mill can 





DISCRETE ELEMENT METHOD 
7.1 Introduction 
Grinding testwork results were used to analyze the effect of different operating conditions 
on mill torque. The results were used to calibrate a numerical model using the Discrete Element 
Method (DEM).  
7.2 Rocky-DEM 
Rocky-DEM is a 3-D Discrete Element Method modeling software that simulates the flow 
and interactions of particles in many types of equipment. The software can be used to help 
manufacturers test geometries to increase belt and liner life and capacity, reduce belt power, define 
ore trajectories, minimize wear and maintenance, and decrease spillage (Rocky, 2017). A typical 
scenario for using Rocky-DEM is provided in Figure 7.1. 
The main features of Rocky-DEM include (1) simulation of particles of various sizes, 
shapes, and combinations; (2) a large number of editable parameters for process customization; 
(3) enabling of geometry files from a variety of CAD programs to be directly imported into the
software for model setup; (4) visualization of geometry and wear; and (5) use of different colors 




Figure 7.1 Typical Rocky-DEM simulation scenario (Rocky, 2017) 
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7.2.1  Contact Force Models in Rocky-DEM 
 DEM uses equations of motion for every individual particle that are numerically integrated 
with the simulation time. The resultant of all the contact forces between particle-particle and 
particle-boundary is calculated in order to model the material flow. The contact forces in any DEM 
software includes gravity, normal and tangential interaction forces. 
Normal Force Model 
The normal force model for DEM simulations requires the force to be repulsive, and the 
model must allow significant energy dissipation. Therefore, the normal force consists of a spring 
to provide the repulsive force and a dashpot to dissipate part of the kinetic energy. To simplify the 
determination of the collisional forces in the simulation, the particles are allowed to overlap. The 
stiffness of the spring in the normal direction determines the maximum overlap between particles. 
The stiffness value will depend on the particle and equipment boundaries properties. If the 
materials used in the simulation are assumed to be linear isotropic elastic materials, then the 
stiffness value is a function of the Young’s Modulus and Poisson’s Ratio. Typically, the overlap 
distance ranges from 0.1% to 1.0% of the particle dimensions (Cleary, 2001-A).  
The dissipative part of the normal force acting on the particle during collision depends on 
the velocity during contact. The ratio between the normal component of the velocity after contact 
and before contact will define the coefficient of restitution. Therefore, the normal damping 
coefficient is chosen to give the desired coefficient of restitution. The force acting in the normal 
direction is shown in Equation 7.1. 
𝐹𝑛 = −𝑘𝑛∆𝑥 + 𝐶𝑛𝑣𝑛                                                        (7.1) 
115 
 
Where 𝐹𝑛 represents the normal force; 𝑘𝑛 is the spring stiffness; ∆𝑥 is the overlap distance; 𝐶𝑛 is the damping coefficient; and 𝑣𝑛 is the normal component of the velocity during contact. 
Tangential Force Model 
 The tangential contact force requires both the friction and coefficient of elasticity for the 
particles and equipment boundaries to be known. A dashpot dissipative force in the tangential 
direction models the tangential plastic deformation of the contact. The tangential elastic 
deformation of the contact is calculated by the relative tangential motions of the contacting 
surfaces. The tangential force is given by Equation 7.2 (Barrios, Carvalho, Kwade, & Tavares, 
2013). 
𝐹𝑡 = 𝑚𝑖𝑛 {𝜇𝑠𝐹𝑛, 𝑘𝑡𝛿𝑡 + 𝐶𝑡𝑣𝑡𝑟𝑒𝑙}                                             (7.2) 
Where 𝐹𝑡 represents the tangential force; 𝜇𝑠 is the coefficient of static friction; 𝑘𝑡 is the 
tangential spring stiffness constant; 𝛿𝑡 is the tangential overlap; 𝐶𝑡 is the tangential damping 
coefficient; and 𝑣𝑡𝑟𝑒𝑙 is the relative tangential velocity. 
The total tangential force is limited by the Coulomb frictional limit at which point the 
slipping between the contacts begin and the particles can slide over each other. 
7.2.2  Velocity and Position Model 
For each particle in the simulation, the Rocky-DEM software locates all neighboring 
particles and boundaries with which the individual particle will come into contact. The sum of all 
forces and moments acting on the particle can then be calculated. Using the current particle 
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position, velocity and time step information, the next location of the individual particle in the 
simulation can be determined (Rocky, 2017). 
∆?̅? = ∫ ∑ 𝐹𝑛𝑒𝑡̅̅ ̅̅ ̅̅𝑚 𝑑𝑡                                                          (7.3) 
Where ∆?̅? is the variation in velocity as a function of the simulation time step, dt; 𝐹𝑛𝑒𝑡̅̅ ̅̅ ̅ is 
the total forces acting on the particle; and 𝑚 is the particle mass. 
The new velocity of the particle can then be calculated using Equation 7.4. 
𝑉𝑛𝑒𝑤̅̅ ̅̅ ̅̅ = 𝑉𝑜𝑙𝑑̅̅ ̅̅ ̅ + ∆?̅?                                                        (7.4) 
The variation in the particle position is calculated using Equation 7.5. 
∆?̅? = ∫ 𝑉𝑛𝑒𝑤̅̅ ̅̅ ̅̅ 𝑑𝑡                                                           (7.5) 
Where ∆?̅? is the variation in position as a function of the simulation time step, dt. 
The new particle position calculated using the DEM software is then determined using 
Equation 7.6. 
𝑥𝑛𝑒𝑤̅̅ ̅̅ ̅̅ = 𝑥𝑜𝑙𝑑̅̅ ̅̅ ̅ + ∆?̅?                                                        (7.6) 
7.2.3  Input Parameters 
Rocky-DEM Physics Parameters 
The physics parameters in the Rocky-DEM software include gravity settings, rolling 
resistance and force models to be used in the simulation. The default value of gravity is -9.81 m/s2 
applied in the Y-direction during the simulation. There are two types of rolling resistance used by 
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the software: (1) type 1 and (2) type 3. The “type 1” model is generally used by other DEM 
programs and is selected when a high angle of repose without using adhesion values is desired. 
The “type 3” is an elastic-plastic spring-dashpot model that tends to provide more realistic results. 
Simulation Parameters 
Simulation parameters include setting the physics parameters as well as parameters specific 
to the particles, geometries, materials interactions, particle input and others. The first step in 
simulating a process using the Rocky-DEM is to add a geometry. The geometry includes the 
equipment and particles to be investigated and modeled by the DEM. The geometry parameters 
include setting its size, orientation, density, Young’s Modulus, and special movements such as 
rotation, translation or vibration. 
The material’s interaction property should also be specified before starting a simulation. 
Unique frictions and adhesion values for each material-to-material combination that exists in the 
simulation can be defined. The Rocky-DEM uses two types of models to calculate adhesion 
between the materials: (1) linear and (2) constant. The linear model considers that the adhesive 
force increases linearly with the distance between materials. The constant model considers that the 
adhesive force remains constant independently of the distance between different materials. 
Different shapes of particles can be modeled in the Rocky-DEM software, and an option 
to import custom-made particle shapes in the simulation is also available. The mass flow rate of 
particles in the input point can be adjusted as well as the particles size distribution. 
 Before starting to process a simulation, the duration should be defined as well as the time 
step for saving the model results. Results for the particle energy spectra can also be collected 
118 
during any simulation using Rocky-DEM. The particle energy spectra allow collecting the results 
for wear, normal and tangential forces, and breakage during particle-particle and particle-boundary 
contacts. 
7.3 Model Parameters 
The “type 3” rolling resistance model and the “constant” adhesion model were used since 
they have been found to provide more realistic results for modeling grinding equipment (Rocky, 
2017). A rotation movement in the y-direction was used to provide motion to the vertical mill’s 
stirrer. The center of the stirrer was kept fixed in the x and z directions at the exact center of the 
grinding mill chamber. The density for the grinding media and the grinding mill was kept constant 
at 7850 kg/m3, and the Young’s Modulus was set to 2.0x108 kPa. The coefficient of friction and 
the coefficient of restitution were 0.22 and 0.60, respectively, for all ball-ball and ball-mill 
interactions as all the colliding materials were the same. The grinding media shape type selected 
was spherical with a rolling resistance coefficient of 0.01, negleting particles asperity. The 
simulated process was operated “dry” and the feed material was omitted from the process because 
its size was significantly smaller than that of the balls. The collection of the particles energy spectra 
data was allowed in order to collect curves for normal and tangential collision energy. The total 
simulation duration was selected to allow the media to achieve equilibrium at each simulated 
scenario. Table 7.1 summarizes the input parameters used to model a vertical stirred mill using the 
Rocky-DEM software. 
Table 7.1 Contact and material properties used for simulating a vertical mill operation 
Balls and grinding mill density (kg/m3) 7850 
Young’s Modulus (kPa) 2.0x108 
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Table 7.1 Continued 
Coefficient of friction 0.22 
Coefficient of restitution 0.60 
Balls rolling resistance 0.01 
7.4 Model Calibration 
Different combinations of the coefficients of friction and restitution were simulated in 
order to calibrate the model with actual results obtained in the laboratory tests. The average torque 
(N.m) collected for each physical test by varying the stirrer speed and grinding media size was 
used to calibrate the DEM numerical model. Observation of the media movement in both the 
laboratory mill and simulated tests was also used as a parameter to identify the optimum 
coefficients of friction and restitution to be used. The average torque measured in the laboratory 
tests was transformed into power (W) for a direct comparison with the DEM results. The torque 
meter installed in the custom-made laboratory vertical mill was calibrated by the manufacturer and 
installed directly in the agitator shaft.  
The net process torque was calculated by measuring the empty torque for different stirrer 
speeds and subtracting this value from the total average gross torque after completing a test. The 
empty average torque obtained for different stirrer speeds for the laboratory vertical stirred mill is 
shown in Table 7.2. 
Table 7.2 Empty torque for different stirrer speeds tested in the laboratory vertical mill 
Stirrer speed (rpm) Empty torque (N.m) 
130 0.3 
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Table 7.2 Continued 




The results obtained for the average torque and power in the laboratory vertical stirred mill 
are shown in Table 7.3 for different stirrer speeds and media sizes. 
Table 7.3 Average measured torque and power obtained from a vertical stirred mill when 









130 9.50 6.41 87.3 
160 9.50 6.81 114 
190 9.50 7.21 143 
220 9.50 7.76 179 
130 6.35 5.63 76.6 
160 6.35 6.11 102 
190 6.35 6.45 128 
220 6.35 6.92 159 
130 4.75 4.99 67.9 
160 4.75 5.34 89.5 
190 4.75 5.78 115 
220 4.75 6.13 141 
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Four combinations of coefficient of friction and coefficient of restitution values were used 
to calibrate the DEM model. Table 7.4 shows the parameters used to model the contacts. 
Table 7.4 Coefficients of friction and restitution used to calibrate a vertical stirred mill process 
using DEM 




1 0.22 0.55 
2 0.23 0.45 
3 0.23 0.60 
4 0.22 0.60 
Figure 7.2 shows the results obtained for the four combinations of the coefficients of 
friction and restitution shown in Table 7.4, and the experimental data from the laboratory vertical 
stirred mill when using 9.50 mm balls. 
Figure 7.2 Vertical stirred mill DEM model calibration in terms of power for different 
stirrer speeds using 9.50 mm balls 
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A coefficient of friction of 0.22 resulted in the lowest difference between the values for 
power obtained in the model and the experimental data. Therefore, the tests using 4.75 and 6.35 
mm balls only considered the combinations of tests one and four described in Table 7.4. 
Figure 7.3 shows the results obtained from using the two combinations of the coefficients 
of friction and restitution (test 1 and test 4), and the experimental data from the laboratory vertical 
stirred mill when using 6.35 and 4.75 mm balls. 
 
Figure 7.3 Vertical stirred mill DEM model calibration in terms of power for different 
stirrer speeds using: (a) 6.35, and (b) 4.75 mm balls 
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The coefficients of friction and restitution chosen to simulate the contacts behavior in the 
vertical stirred mill were 0.22 and 0.60, respectively, due to the lowest relative error obtained in 
the results.  
7.5 Model Validation 
The numerical model using DEM was validated in terms of power draw by comparing the 
results obtained in the laboratory mill when varying the total load of balls. Table 7.5 shows the 
operating conditions tested to validate the numerical model developed using DEM and the 
respective power draw results. 
Table 7.5 Numerical model validation in terms of power for different operating conditions 















130 9.50 19.4 5.95 81.1 80.7 0.47 
130 9.50 21.4 6.41 87.3 86.9 0.34 
130 9.50 24.9 7.91 107 108 0.36 
160 9.50 19.4 6.34 106 106 0.30 
160 9.50 24.9 8.47 142 142 0.21 
160 6.35 19.3 5.70 95.5 94.6 0.98 
160 6.35 24.8 7.68 129 128 0.41 
220 6.35 19.5 6.47 149 149 0.24 
220 6.35 21.4 6.92 159 160 0.32 
220 6.35 23.5 8.09 186 187 0.22 
160 4.75 19.9 5.10 85.5 86.2 0.82 
160 4.75 24.9 6.95 116 117 0.54 
220 4.75 19.6 5.85 135 134 0.36 
220 4.75 21.4 6.13 14 142 0.38 
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The numerical model using DEM could successfully predict the power draw in the vertical 
stirred mill using 0.22 and 0.60 coefficients of friction and restitution, respectively. The model 
showed good data validity when varying the total load of balls between 18 kg and 26 kg for the 
three sizes of balls and range of stirrer speeds tested. Thus, the low relative error obtained in Table 
7.5 suggests good data representability when using the DEM model to predict power requirements. 
7.6  Parametric Analysis 
The effect of media size, stirrer speed and the total load of balls on the power draw (W) 
was investigated in the custom-made laboratory vertical mill using Discrete Element Method.  
7.6.1  Stirrer Speed 
The stirrer speed was varied to quantify its effect on power draw. Figure 7.4 shows a 
relationship between stirrer speed (rpm) and power intensity (W/kg) for the three sizes of balls 
tested while keeping the simulation duration (11 seconds) and the total ball load (21.4 kg) constant. 
 




The increase in stirrer speed increases the power intensity in the mill for all three sizes of 
balls tested. A power trendline was selected to fit the values collected in the DEM analysis due to 
an almost perfect data representability. The analysis shows that the intensity of collisions increases 
with mill speed. An improvement in the fineness of the product particles with increasing speed can 
therefore be expected. According to Fadhel and Frances (2001), the best energy utilization in the 
mill occurs when the power intensity is just enough to promote particle breakage. Therefore, 
increased energy input due to higher stirrer speeds is not entirely used for particle breakage. Higher 
speeds can lead to heat generation, increased number of ball-ball contacts and an increase in liner 
and media wear rate. 
7.6.2  Grinding Media Size 
The grinding media size was varied to quantify its effect on power draw. Figure 7.5 shows 
the DEM predicted relationship between media size (mm) and power intensity (W/kg) for the range 
of stirrer speeds tested for a simulation duration of 11 seconds and total ball load of 21.4 kg. 
Higher power intensity was observed when increasing the size of the grinding media. 
Therefore, for a constant stirrer speed and total ball load, a higher torque will be required to stir 
the coarser media compared to the smaller one. This can be explained by a lower packing density 
observed from using the larger size balls that will promote a higher number of high stress collisions 
between the balls and mill; the interlocking of media between the bottom of the stirrer and mill 
floor; and interlocking between the stirrer and mill wall. Grinding media size should be selected 
in accordance with the dimensions of the mill to avoid comminution inefficiency and consequently 





Figure 7.5 Grinding media size and power intensity relationship as a function of stirrer 
speed 
 
7.6.3  Total Load of Balls 
Media filling is an important variable in vertical stirred milling. According to Hansan 
(2016), an increase in the total load of balls promotes an increase in power draw and active grinding 
zone volume that can result in a higher number of particles being comminuted. A range of ball 
loads and its effect on power intensity was investigated using DEM. Figure 7.6 shows a 
relationship between the total ball load (kg) and power intensity (W/kg) as a function of stirrer 
speed for the 6.35 mm balls. 
The results show that an increase in the total ball load slightly increases the power intensity. 
This behavior can be explained by an increase in the total number of balls in the mill and, 





Figure 7.6 Total load of balls and power intensity relationship as a function of stirrer speed 
for the 6.35 mm balls 
 
7.7  Collision Energy 
 The collision energy was calculated for different stirrer speeds and grinding media size. 
The collision energy provides the frequency distribution of energy losses from all the individual 
collision events. Collision energy was calculated from the summation of the normal and tangential 
energies associated with all collision events: (1) ball-ball, (2) ball-stirrer and (3) ball-chamber. 
Figure 7.7 presents the total collision rate and collision energy plots for three different grinding 
media sizes when varying stirrer speeds at a constant load of 21.4 kg. 
From Figure 7.7 it is possible to differentiate the distribution of collision energies produced 
by different sizes of grinding media and the effect of the stirrer speed on the collision rate. The 
maximum total collision rate is produced by using the smaller size media, while the minimum rate 
was obtained with the 9.50 mm balls. It is also seen that higher stirrer speeds produce a slightly 










Figure 7.8 shows the total collision rate and collision energy plot for the three sizes of balls 
at a constant stirrer speed and 21.4 kg total load. 
 
Figure 7.8 Distribution of collisions energies produced by three different sizes of balls at a 
constant stirrer speed 
 
The difference between the maximum collision rate obtained from using the smaller media 
and the largest media is approximately 106. The smaller media produced a significantly higher 
number of collision events in the lower energy levels. In terms of comminution efficiency, 
collision energies that are less than some minimum value necessary to promote particle breakage 
will not cause any substantial damage to the particle (Morrison, Shi, & Whyte, 2007). On the other 
hand, energies that exceed the maximum that can be absorbed by a particle will lead to energy 
being wasted. Therefore, to obtain maximum comminution efficiency it is necessary to know the 
energy required to break a specific feed material. Once the required particle breakage energy is 
known, the distribution of collision energies can be optimized by changing operating conditions. 
Thus, an increase in the frequency of the useful collision energy, that is, the collision in a specific 
130 
 
energy level that will promote particle reduction, will lead to an increase in comminution 









CONCLUSIONS AND RECOMMENDATIONS 
8.1 Vertical Stirred Mill Testwork 
The grinding efficiency is sensitive to changes in operational variables such as the mill 
speed, grinding media size and feed size. This research showed that both power consumption and 
particle reduction are affected if any of the variables are altered. The results from the experimental 
tests indicate that, irrespective of the size of media used, mill power consumption is highly affected 
by the stirring speed.  
The use of smaller media gives a more significant size reduction for fine feed particles, 
while the coarser media are more efficient comminuting coarser particles for a given energy input. 
The increased number of balls and, consequently, the large surface area, promotes a higher 
breakage rate of fine particles when using the smallest media because the probability of particle-
media collision increases.  
The use of larger media produces a slightly higher frequency of collisions at the highest 
energy levels due to its larger mass. Thus, the energy that is being transferred to the particles when 
using larger media might be in excess to the minimum necessary to promote fracture, and the 
probability of wasting energy also increases. However, it should be noted that a further decrease 
in media size may lead to a decrease in grinding efficiency because the energy that is transferred 
to the particles during a collision will also decrease. Therefore, the right media size for a specific 
grinding application will improve grinding efficiency.  
The Discrete Element Method (DEM) model showed that media load also plays an essential 
role in grinding using a vertical stirred mill. At a lower media load, fewer collisions exist. 
132 
 
Therefore, it was observed that low media loads are beneficial in producing a coarser product while 
consuming less energy. A larger load of balls increases the probability of particle-media contacts, 
and a finer product may be expected. An optimal mill load should be investigated for each specific 
grinding operation in order to avoid energy being lost in moving excess media. 
8.2  Population Balance Model 
Grinding testwork was conducted using a laboratory-size vertical stirred mill to evaluate 
the use of an energy-size population balance model to predict the product particle size distribution 
for different operating conditions. The estimated breakage parameters from single-size feed 
samples demonstrated that population balance modeling can be successfully used to estimate the 
product particle size distribution from a vertical stirred mill. The results showed that the breakage 
function parameters can be assumed to be independent of the operating conditions tested. 
Conversely, the specific selection function parameters vary with grinding media size and specific 
energy input. The use of the smaller grinding media demonstrated to be more efficient in grinding 
fine particles, while the largest media produced larger values for the breakage rate while 
comminuting coarser particles. 
8.3  Vertical Stirred Mill Simulation Using a Ball Mill 
A methodology using a ball mill to predict the product particle size distribution from a 
vertical stirred mill was developed. The breakage parameters estimated from the laboratory size 
vertical stirred mill and from the ball mill were compared in order to determine if a relationship 
exists. The grinding testwork using single-size feed samples of an aggregate material showed that 
the breakage mechanism is similar in both grinding mills. The breakage function parameters from 
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the vertical stirred mill and from the ball mill produced almost identical results. Therefore, only 
the specific selection function parameters were compared. 
A scale-up factor of 1.20 was used to fit the specific selection function parameter, 𝑆1𝐸, 
obtained from the ball mill to the parameter obtained when grinding in the vertical stirred mill 
using 6.35 mm balls. The fitted specific selection function parameter, 𝑆1𝐸∗, was used in conjunction 
with the other parameters determined from using the ball mill to predict the product particle size 
distribution from the vertical stirred mill. The results show that a ball mill can be successfully used 
to predict the product particle size distribution from the laboratory vertical stirred mill for any of 
the stirrer speeds tested and using 6.35 mm balls.  
An industrial sampling survey around a vertical stirred mill circuit was used to validate the 
proposed methodology using a ball mill. Laboratory testwork was conducted using the vertical 
mill fresh feed sample to estimate the breakage and selection function parameters. A scale-up 
factor of 1.25 was applied to the specific selection function parameter, 𝑆1𝐸, obtained from grinding 
the fresh feed sample in a ball mill. The simulated product particle size distribution using the 
breakage parameters determined from grinding in a ball mill showed good data accuracy compared 
to the measured product obtained from the full-scale vertical mill.  
8.4  Recommendations 
In order to continue the development of this work and gain further insights into vertical 
stirred mill operation and optimization, the following recommendations are made: 
1) Further investigation of the operating variables affecting grinding in a vertical stirred 
mill is needed. The effect of different material types, grinding media load, slurry 
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viscosity, and media size distributions should be evaluated in order to understand the 
mill performance and its grinding behavior thoroughly.  
2) Different materials should be tested using the proposed methodology using a ball mill 
to predict the product particle size distribution from a vertical stirred mill. Continuation 
and further validation of this work require that tests using different types of material 
and different feed sizes be evaluated. 
3) The developed methodology for estimating the product particle size distribution from 
vertical mill applications should be applied to predict the product from different size 
mills to address its accuracy.  
4) The closed circuit classification efficiency should be addressed and included in the 
population balance equation. Surveys of different circuits should be conducted to 
determine the classification efficiency. The results obtained from these surveys can be 
used to validate and refine the use of the population balance model equation that 
includes the classification efficiency effect to predict the final product size distribution 
from the industrial closed circuit.   
5) Tests should be conducted to address the breakage properties differences between the 
recirculating particles and the fresh feed to the closed circuit. The effect of the 
circulating load on the particle breakage rate should also be evaluated and included in 
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VERTICAL STIRRED MILL GRINDING TESTS 
Table A.1 and Figure A.1 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 130 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.1 Measured and predicted product particle size distributions from a vertical stirred mill 
at 130 rpm speed and using 9.50 mm balls for a -595 +420μm feed size 



































































707.4 100. 100. 100. 100. 100. 100. 100. 100. 100. 100.
499.9 20.4 18.7 37.0 34.5 58.9 58.9 80.7 82.7 93.0 94.6 
353.2 9.16 8.15 19.2 17.0 36.3 35.0 64.6 61.6 81.3 84.6 
249.7 5.14 4.03 9.01 8.82 24.3 20.6 47.0 42.2 70.9 67.7 
176.9 3.00 2.23 6.01 4.93 14.3 12.3 31.5 27.5 57.2 53.0 
125.1 1.73 1.31 4.11 2.87 9.46 7.40 21.1 17.2 42.5 37.3 
88.1 1.01 0.80 2.41 1.74 5.26 4.53 14.1 10.6 29.6 24.7 
62.0 0.51 0.50 1.39 1.07 2.93 2.78 8.96 6.38 19.0 15.5 
44.5 0.33 0.70 1.80 4.01 9.79 
Figure A.1 Measured (points) and predicted (dotted lines) product particle size distribution 
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Table A.2 and Figure A.2 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.2 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 6.35 mm balls for a -595 +420μm feed size 
Time 
(sec) 




































































707.4 100. 100. 100. 100. 100. 100. 100. 100. 100. 100.
499.9 13.5 17.9 27.9 33.6 48.3 54.2 68.9 75.0 80.0 85.7 
353.2 6.41 8.21 15.0 16.5 26.6 30.9 48.9 51.7 61.5 66.3 
249.7 4.26 4.24 8.74 8.65 16.11 17.8 30.7 33.4 41.8 47.0 
176.9 2.86 2.41 6.28 4.87 11.6 10.5 19.3 20.8 28.4 31.5 
125.1 1.79 1.45 4.41 2.86 8.22 6.35 14.3 12.6 21.2 20.1 
88.1 1.19 0.89 2.91 1.74 5.47 3.92 9.95 7.60 14.7 12.5 
62.0 0.59 0.56 1.83 1.07 3.57 2.43 6.78 4.53 10.4 7.55 
44.5 0.37 0.70 1.58 2.83 4.70 
Figure A.2 Measured (points) and predicted (dotted lines) product particle size distribution  
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Table A.3 and Figure A.3 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 130 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.3 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 4.75 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 9.50 12.4 31.0 37.1 68.0 76.6 81.7 89.2 
353.2 2.87 5.13 16.0 19.0 47.8 54.9 67.1 74.3 
249.7 2.13 2.49 7.87 10.2 31.56 37.3 49.7 57.5 
176.9 1.53 1.38 4.94 5.82 19.7 24.6 36.6 42.0 
125.1 1.02 0.81 3.28 3.42 14.7 15.8 26.0 29.1 
88.1 0.63 0.50 2.12 2.06 11.17 9.92 16.6 19.12 
62.0 0.33 0.31 1.17 1.26 8.26 6.09 10.9 12.1 
44.5  0.20  0.81  3.83  7.56 
 
 
Figure A.3 Measured (points) and predicted (dotted lines) product particle size distribution  
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Table A.4 and Figure A.4 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 130 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.4 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 9.50 mm balls for a -420 +297μm feed size 
Time 
(sec) 




































































499.9 100. 100. 100. 100. 100. 100. 100. 100. 100. 100.
353.2 23.0 19.7 38.4 35.7 64.4 61.4 84.4 84.2 92.6 91.5 
249.7 10.8 9.05 21.1 18.2 40.4 36.9 63.6 63.6 80.4 76.5 
176.9 5.46 4.58 12.0 9.82 25.3 21.5 48.5 44.1 62.3 57.8 
125.1 3.54 2.49 7.50 5.53 16.6 12.5 31.8 28.6 44.6 39.9 
88.1 1.67 1.45 3.94 3.26 9.29 7.35 20.6 17.8 30.5 25.7 
62.0 1.11 0.88 2.22 1.97 5.66 4.37 12.3 10.8 19.0 15.7 
44.5 0.57 1.27 2.76 6.73 9.67 
Figure A.4 Measured (points) and predicted (dotted lines) product particle size distribution 
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Table A.5 and Figure A.5 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.5 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 6.35 mm balls for a -420 +297μm feed size 
Time 
(sec) 




































































499.9 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 14.0 15.6 24.1 27.1 42.5 46.7 62.3 68.1 76.7 82.5 
249.7 6.49 6.70 12.4 13.0 23.8 25.1 42.5 43.6 56.3 61.2 
176.9 3.88 3.29 7.47 6.80 15.3 13.8 26.0 26.9 38.0 41.8 
125.1 2.12 1.78 4.99 3.76 10.2 7.85 16.9 16.2 28.3 26.7 
88.1 1.65 1.03 3.24 2.20 6.65 4.62 11.1 9.7 18.5 16.5 
62.0 1.02 0.62 2.10 1.32 3.94 2.77 7.48 5.86 11.3 9.92 
44.5  0.40  0.86  1.77  3.70  6.18 
 
 




Table A.6 and Figure A.6 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 130 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.6 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 4.75 mm balls for a -420 +297μm feed size 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 8.99 12.4 28.4 37.1 65.3 74.9 78.9 85.4 
249.7 3.56 5.27 15.3 18.3 45.3 52.0 61.1 68.2 
176.9 2.67 2.63 8.79 9.65 29.5 34.3 45.9 50.6 
125.1 1.95 1.47 6.60 5.36 19.1 21.7 33.9 35.2 
88.1 1.32 0.88 3.76 3.12 14.1 13.4 25.6 23.2 
62.0 0.75 0.55 2.81 1.86 9.48 8.19 18.8 14.5 
44.5  0.36  1.18  5.11  9.08 
 
 




Table A.7 and Figure A.7 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 130 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.7 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 9.50 mm balls for a -297 +210μm feed size 
Time 
(sec) 




































































353.2 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 19.8 17.7 30.5 26.5 58.9 53.0 78.5 74.2 91.8 88.4 
176.9 8.83 7.77 15.0 12.2 32.2 29.3 55.9 51.8 74.1 70.2 
125.1 4.62 3.78 8.52 6.04 20.2 16.0 38.2 33.7 53.5 49.7 
88.1 2.49 2.05 4.44 3.26 11.3 9.02 25.3 21.0 39.7 32.4 
62.0 2.01 1.19 2.10 1.87 6.81 5.22 15.8 12.6 23.3 19.9 
44.5  0.76  1.18  3.25  7.84  12.4 
 
 




Table A.8 and Figure A.8 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.8 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 6.35 mm balls for a -297 +210μm feed size 
Time 
(sec) 




































































353.2 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 13.5 13.3 23.3 24.3 38.8 42.4 59.1 62.3 75.6 77.0 
176.9 6.18 5.75 11.9 11.2 20.2 21.5 37.5 38.7 55.1 54.2 
125.1 3.49 2.78 6.65 5.57 12.3 11.1 24.5 23.1 40.0 35.2 
88.1 2.07 1.51 4.02 3.02 7.24 6.09 16.2 13.7 27.9 21.9 
62.0 1.31 0.88 2.74 1.73 4.37 3.47 10.2 8.18 17.1 13.1 
44.5  0.56  1.09  2.15  5.11  8.19 
 
 




Table A.9 and Figure A.9 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 130 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.9 Measured and predicted product particle size distributions from a vertical stirred 
mill at 130 rpm speed and using 4.75 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 8.65 11.4 27.1 34.7 61.6 70.8 78.4 85.8 
176.9 3.93 4.81 13.9 16.7 40.6 47.3 63.2 70.3 
125.1 2.56 2.32 8.67 8.58 28.0 29.8 47.6 52.9 
88.1 1.70 1.28 5.74 4.71 20.1 18.1 33.8 36.9 
62.0 1.03 0.76 3.74 2.71 12.7 10.8 23.9 24.0 
44.5  0.50  1.68  6.64  15.1 
 
 





Table A.10 and Figure A.10 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 130 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.10 Measured and predicted product particle size distributions from a vertical 
stirred mill at 130 rpm speed and using 9.50 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 17.6 14.7 30.8 27.0 50.3 45.6 78.7 72.5 
125.1 7.26 6.17 14.1 12.2 27.9 24.1 52.4 48.1 
88.1 3.22 2.95 7.85 6.07 17.9 12.9 34.4 29.6 
62.0 2.08 1.57 4.04 3.29 9.37 7.11 22.4 17.4 
44.5  0.96  2.01  4.27  10.5 
 
 






Table A.11 and Figure A.11 shows the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.11 Measured and predicted product particle size distributions from a vertical 
stirred mill at 130 rpm speed and using 6.35 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100.0 100. 100. 100. 100. 100. 100. 
176.9 12.6 11.6 21.8 21.0 35.8 33.82 56.0 52.5 
125.1 5.79 5.01 11.2 9.30 18.7 16.42 31.5 29.3 
88.1 3.29 2.45 6.08 4.60 10.3 8.44 18.9 16.2 
62.0 1.92 1.33 3.06 2.50 6.47 4.59 10.9 9.06 
44.5  0.82  1.53  2.78  5.45 
 
 






Table A.12 and Figure A.12 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 130 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.12 Measured and predicted product particle size distributions from a vertical 
stirred mill at 130 rpm speed and using 4.75 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 9.89 10.3 27.8 30.2 60.2 65.12 79.2 81.2 
125.1 4.46 4.37 12.4 13.8 37.1 40.07 59.0 60.6 
88.1 2.81 2.19 7.76 6.89 22.3 23.38 43.3 41.5 
62.0 1.60 1.23 4.18 3.67 14.9 13.23 29.3 25.5 
44.5  0.77  2.19  7.74  15.6 
 
 







Table A.13 and Figure A.13 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 130 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.13 Measured and predicted product particle size distributions from a vertical 
stirred mill at 130 rpm speed and using 9.50 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 20.4 17.0 34.6 28.3 53.4 46.8 75.1 68.8 
88.1 8.90 7.38 16.5 13.5 30.4 24.7 48.7 42.1 
62.0 4.49 3.60 8.29 6.84 17.4 12.9 30.3 23.4 
44.5  2.08  3.94  7.41  13.2 
 
 







Table A.14 and Figure A.14 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.14 Measured and predicted product particle size distributions from a vertical 
stirred mill at 130 rpm speed and using 6.35 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 11.4 9.70 17.3 15.0 33.3 38.2 54.0 60.0 
88.1 4.84 3.95 7.79 6.37 17.8 19.2 33.2 35.4 
62.0 2.29 1.83 4.18 3.04 10.2 9.91 21.3 19.9 
44.5  1.03  1.73  5.67  11.7 
 
 







Table A.15 and Figure A.15 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 130 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.15 Measured and predicted product particle size distributions from a vertical 
stirred mill at 130 rpm speed and using 4.75 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 8.87 8.94 28.2 27.8 62.6 66.0 76.4 74.6 
88.1 3.94 3.61 13.3 12.3 41.1 41.8 57.1 52.2 
62.0 1.59 1.72 5.56 5.97 23.7 24.5 37.6 32.9 
44.5  0.99  3.35  14.5  19.9 
 
 







Table A.16 and Figure A.16 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 160 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.16 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 9.50 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 23.4 23.0 39.1 40.6 67.0 74.9 86.1 92.4 
353.2 11.7 10.1 22.8 21.1 44.4 51.3 69.6 78.5 
249.7 6.93 5.01 14.2 11.5 30.8 33.0 53.2 60.8 
176.9 4.20 2.73 8.74 6.67 21.1 20.7 40.3 43.9 
125.1 2.23 1.58 5.08 4.01 13.9 12.8 29.6 29.5 
88.1 0.79 0.94 2.20 2.48 8.62 7.92 21.1 19.0 
62.0 0.31 0.57 1.00 1.55 6.15 4.87 15.5 11.8 
44.5  0.37  1.03  3.13  7.51 
 
 





Table A.17 and Figure A.17 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.17 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 6.35 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 19.0 24.2 34.1 40.5 51.3 59.5 78.7 84.8 
353.2 9.20 10.9 17.8 21.0 30.3 35.7 57.4 64.9 
249.7 5.44 5.47 10.4 11.4 18.3 21.1 40.9 46.0 
176.9 3.89 3.03 7.63 6.56 13.8 12.7 31.9 31.0 
125.1 2.46 1.77 5.17 3.91 9.94 7.64 23.2 20.0 
88.1 1.60 1.08 3.36 2.40 6.71 4.66 15.3 12.7 
62.0 0.83 0.66 1.93 1.49 3.93 2.85 9.01 7.81 
44.5  0.43  0.97  1.84  4.95 
 
 





Table A.18 and Figure A.18 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 160 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.18 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 4.75 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 10.5 14.1 31.1 38.9 66.6 72.5 79.8 85.3 
353.2 4.83 6.00 16.9 20.0 43.0 49.6 60.8 67.7 
249.7 2.81 2.89 9.71 10.9 29.3 32.6 43.9 50.4 
176.9 1.91 1.55 7.10 6.29 21.7 21.0 33.4 35.9 
125.1 1.18 0.89 5.03 3.73 15.8 13.4 26.1 24.4 
88.1 0.77 0.52 3.63 2.28 11.5 8.47 20.0 16.1 
62.0 0.47 0.32 2.33 1.40 8.15 5.26 13.1 10.2 
44.5  0.20  0.91  3.37  6.52 
 
 





Table A.19 and Figure A.19 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 160 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.19 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 9.50 mm balls for a -420 +297μm feed size 
Time 
(sec) 




































































499.9 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 29.1 24.8 44.2 40.7 65.5 63.0 86.0 81.4 96.1 95.4 
249.7 13.8 11.5 24.6 21.2 42.3 38.5 64.0 59.5 86.9 86.5 
176.9 7.20 5.82 15.3 11.7 27.1 22.9 45.5 40.4 74.5 70.6 
125.1 4.24 3.16 9.20 6.76 17.2 13.5 30.0 25.5 57.3 51.9 
88.1 2.22 1.83 5.59 4.06 10.0 8.06 19.6 15.8 39.6 34.8 
62.0 1.38 1.10 4.11 2.48 6.19 4.84 12.7 9.63 24.4 21.5 
44.5  0.71  1.61  3.07  5.97  13.3 
 
 





Table A.20 and Figure A.20 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.20 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 6.35 mm balls for a -420 +297μm feed size 
Time 
(sec) 




































































499.9 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 21.6 23.7 33.9 39.6 54.0 59.3 72.5 79.0 85.1 89.3 
249.7 10.4 10.8 17.7 20.1 32.7 35.6 51.5 56.9 68.8 73.8 
176.9 6.43 5.49 10.7 10.8 21.7 21.1 37.3 38.4 54.6 56.0 
125.1 4.28 3.02 7.15 6.01 15.0 12.5 26.8 24.6 42.4 39.5 
88.1 2.80 1.78 4.78 3.51 9.85 7.52 18.6 15.4 30.5 26.2 
62.0 1.95 1.08 3.21 2.11 6.38 4.54 12.3 9.43 20.9 16.6 
44.5  0.70  1.35  2.89  5.95  10.5 
 
 





Table A.21 and Figure A.21 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 160 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.21 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 4.75 mm balls for a -420 +297μm feed size 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 13.1 19.0 34.8 42.0 70.8 78.4 84.4 89.1 
249.7 6.97 8.73 17.8 21.9 49.0 56.6 68.1 75.5 
176.9 4.29 4.46 9.78 11.9 31.9 38.5 52.9 59.4 
125.1 3.12 2.45 5.92 6.76 22.0 25.0 38.5 43.4 
88.1 1.43 1.44 3.98 3.97 15.1 15.8 27.5 29.8 
62.0 0.79 0.87 2.52 2.38 10.35 9.69 20.6 19.1 
44.5  0.56  1.51  6.05  12.0 
 
 





Table A.22 and Figure A.22 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 160 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.22 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 9.50 mm balls for a -297 +210μm feed size 
Time 
(sec) 




































































353.2 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 21.6 17.6 38.3 31.3 60.2 55.5 82.5 77.5 94.6 91.1 
176.9 9.49 7.57 19.0 14.9 35.6 31.8 58.8 54.9 77.7 74.3 
125.1 5.35 3.65 10.9 7.53 21.3 17.8 40.9 36.0 59.9 53.3 
88.1 2.56 1.97 5.81 4.11 12.3 10.1 26.6 22.5 39.1 34.4 
62.0 2.02 1.14 3.86 2.38 8.01 5.90 16.1 13.7 24.4 20.6 
44.5  0.72  1.50  3.68  8.55  12.6 
 
 






Table A.23 and Figure A.23 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.23 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 6.35 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 22.6 21.3 33.6 31.8 53.7 50.3 72.6 69.6 
176.9 10.6 9.51 16.1 15.1 30.4 28.3 49.0 45.0 
125.1 6.05 4.67 9.36 7.68 18.4 15.9 32.1 27.4 
88.1 3.63 2.54 5.88 4.20 11.3 9.18 20.2 16.3 
62.0 2.15 1.47 3.68 2.42 6.49 5.38 11.7 9.62 
44.5  0.93  1.53  3.36  5.93 
 
 





Table A.24 and Figure A.24 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 160 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.24 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 4.75 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 10.3 15.1 32.8 39.5 70.7 78.0 87.9 85.2 
176.9 4.61 6.67 16.4 20.4 50.9 56.6 71.2 67.4 
125.1 2.61 3.27 9.86 10.9 34.0 38.1 52.6 48.5 
88.1 1.70 1.78 5.99 6.19 22.5 24.4 36.6 32.4 
62.0 1.09 1.04 3.86 3.62 16.1 15.0 23.8 20.2 
44.5  0.66  2.27  9.34  12.4 
 
 






Table A.25 and Figure A.25 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 160 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.25 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 9.50 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 28.9 23.1 38.5 33.1 60.0 55.8 76.1 70.0 
125.1 12.7 10.2 18.0 15.9 35.1 31.6 48.0 44.7 
88.1 6.82 4.98 10.7 8.19 20.3 17.7 30.3 26.5 
62.0 3.71 2.66 7.48 4.45 12.0 10.0 17.9 15.2 
44.5  1.61  2.70  6.07  9.15 
 
 






Table A.26 and Figure A.26 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.26 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 6.35 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 17.3 14.4 28.2 25.3 46.4 40.8 67.8 64.7 
125.1 7.47 5.95 14.0 11.5 23.1 20.9 43.9 40.3 
88.1 4.45 2.81 7.58 5.75 13.5 11.2 28.0 24.0 
62.0 2.55 1.48 4.14 3.08 7.47 6.29 16.9 13.9 
44.5  0.89  1.85  3.87  8.43 
 
 






Table A.27 and Figure A.27 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 160 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.27 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 4.75 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 11.8 14.0 32.3 35.4 67.1 73.8 82.2 84.5 
125.1 5.31 5.79 16.8 19.0 43.8 51.1 65.7 70.9 
88.1 3.07 2.82 9.99 9.92 29.7 32.9 48.3 53.9 
62.0 1.62 1.54 5.97 5.41 19.4 20.0 33.8 37.0 
44.5  0.96  3.25  12.1  23.7 
 
 






Table A.28 and Figure A.28 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 160 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.28 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 9.50 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 16.6 13.9 30.9 26.7 40.1 36.0 61.1 56.1 
88.1 7.63 5.70 13.4 12.3 19.2 17.0 37.5 32.3 
62.0 3.36 2.68 6.46 6.09 10.0 8.45 20.7 18.0 
44.5  1.52  3.46  4.78  10.7 
 
 






Table A.29 and Figure A.29 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.29 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 6.35 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 15.6 13.4 25.2 20.4 42.3 39.6 56.1 53.2 
88.1 7.01 5.63 11.0 9.27 23.1 20.2 33.4 29.3 
62.0 3.42 2.71 5.17 4.56 11.9 10.5 17.2 15.8 
44.5  1.56  2.60  6.06  9.07 
 
 






Table A.30 and Figure A.30 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 160 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.30 Measured and predicted product particle size distributions from a vertical 
stirred mill at 160 rpm speed and using 4.75 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 9.75 12.2 28.1 31.0 66.2 70.0 80.7 78.8 
88.1 4.23 5.28 14.0 14.2 42.1 45.9 59.7 60.9 
62.0 2.20 2.55 7.37 7.13 26.8 27.5 42.9 41.9 
44.5  1.45  4.10  16.15  26.6 
 
 






Table A.31 and Figure A.31 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 190 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.31 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 9.50 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 38.0 34.3 59.3 59.2 80.8 77.3 95.1 94.1 
353.2 19.6 16.9 36.6 35.3 58.5 54.8 85.1 83.0 
249.7 10.7 8.78 23.5 20.2 41.2 36.5 71.2 67.0 
176.9 6.76 4.83 14.5 11.9 28.1 23.5 55.3 49.8 
125.1 3.94 2.77 10.0 7.07 17.6 14.7 41.0 34.3 
88.1 1.89 1.64 6.45 4.29 11.5 9.16 28.6 22.3 
62.0 1.05 0.99 3.97 2.63 7.06 5.62 17.7 13.8 
44.5  0.64  1.70  3.60  8.67 
 
 





Table A.32 and Figure A.32 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.32 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 6.35 mm balls for a -595 +420μm feed size 
Time 
(sec) 




































































707.4 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 25.1 30.0 41.7 47.5 60.0 67.5 81.3 86.9 92.8 94.8 
353.2 12.8 14.2 22.8 25.5 39.0 43.3 60.3 67.8 83.2 86.7 
249.7 6.87 7.24 12.1 13.9 22.7 29.9 43.2 49.0 69.0 73.7 
176.9 4.72 4.01 7.80 7.83 16.3 16.7 32.0 33.5 53.5 58.0 
125.1 3.23 2.33 4.97 4.51 11.2 10.3 23.1 21.95 38.8 42.2 
88.1 1.94 1.41 3.06 2.66 6.63 6.44 16.5 13. 28.8 28.7 
62.0 1.21 0.86 1.77 1.58 3.76 4.00 10.7 8.68 18.5 18.3 
44.5  0.56  0.99  2.60  5.53  11.6 
 
 





Table A.33 and Figure A.33 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 190 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.33 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 4.75 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 13.9 18.2 46.7 52.1 78.5 84.8 89.7 92.1 
353.2 7.79 8.46 26.0 29.9 59.1 66.2 77.0 82.0 
249.7 5.27 4.28 13.8 17.3 41.9 48.1 62.4 68.4 
176.9 3.19 2.41 9.60 10.37 27.9 33.3 47.8 53.0 
125.1 1.57 1.44 6.45 6.27 19.2 22.0 36.3 38.7 
88.1 1.05 0.89 4.32 3.85 12.8 14.0 28.2 26.6 
62.0 0.54 0.56 3.32 2.37 8.55 8.63 20.2 17.3 
44.5  0.37  1.53  5.37  10.7 
 
 





Table A.34 and Figure A.34 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 190 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.34 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 9.50 mm balls for a -420 +297μm feed size 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 32.9 27.8 58.3 56.3 80.1 78.2 90.8 91.1 
249.7 15.4 12.9 35.5 32.5 59.3 55.2 77.6 76.2 
176.9 8.14 6.54 21.9 18.7 41.1 36.1 62.9 57.9 
125.1 4.94 3.57 14.2 10.7 26.1 22.4 45.9 40.3 
88.1 2.44 2.08 8.98 6.33 16.6 13.6 32.4 26.2 
62.0 1.18 1.26 6.35 3.79 10.5 8.17 20.1 16.2 
44.5  0.81  2.41  5.13  10.1 
 
 





Table A.35 and Figure A.35 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.35 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 6.35 mm balls for a -420 +297μm feed size 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 24.7 25.8 41.7 41.0 63.1 63.9 80.9 82.8 
249.7 11.8 12.2 23.3 20.9 40.5 39.6 60.9 62.4 
176.9 7.54 6.34 13.7 11.2 27.6 23.8 46.4 43.6 
125.1 4.85 3.49 8.72 6.33 18.7 14.1 33.7 28.7 
88.1 3.15 2.03 5.11 3.74 12.0 8.42 22.7 18.2 
62.0 1.83 1.22 3.65 2.27 7.06 5.04 15.0 11.1 
44.5  0.79  1.47  3.19  7.03 
 
 





Table A.36 and Figure A.36 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 190 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.36 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 4.75 mm balls for a -420 +297μm feed size 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 14.4 19.0 43.2 48.0 76.9 81.3 87.7 90.1 
249.7 6.65 8.40 23.7 26.3 56.1 61.1 73.6 78.6 
176.9 3.47 4.21 13.8 14.8 37.5 42.9 59.3 63.6 
125.1 2.41 2.30 8.75 8.47 26.7 28.6 46.0 47.6 
88.1 1.53 1.35 5.63 4.99 18.4 18.3 35.8 33.3 
62.0 0.91 0.82 3.25 2.99 12.8 11.3 24.5 21.6 
44.5  0.53  1.89  7.07  13.5 
 
 





Table A.37 and Figure A.37 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 190 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.37 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 9.50 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 25.5 22.0 45.5 44.7 72.5 69.8 90.3 86.9 
176.9 11.4 9.83 24.9 24.0 50.4 45.0 72.0 68.0 
125.1 6.7 4.80 15.7 13.2 32.6 27.2 53.7 47.6 
88.1 3.67 2.58 10.6 7.65 20.0 16.0 34.8 30.5 
62.0 1.86 1.49 6.34 4.54 12.0 9.43 20.3 18.4 
44.5  0.94  2.89  5.81  11.1 
 
 





Table A.38 and Figure A.38 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.38 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 6.35 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 21.1 20.3 36.1 35.3 59.9 57.7 81.4 77.7 
176.9 10.4 9.05 18.7 17.6 37.3 34.0 59.1 55.0 
125.1 6.01 4.46 11.5 9.26 24.1 19.5 41.0 35.8 
88.1 3.38 2.45 6.97 5.17 13.8 11.2 26.4 22.0 
62.0 2.02 1.44 4.03 3.01 8.22 6.56 16.6 13.1 
44.5  0.93  2.47  4.06  7.97 
 
 





Table A.39 and Figure A.39 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 190 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.39 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 4.75 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 12.2 16.2 42.6 49.1 78.3 83.6 89.5 90.3 
176.9 5.48 7.00 23.4 27.8 56.4 64.6 77.5 82.8 
125.1 3.29 3.39 12.9 15.9 39.3 45.7 61.9 69.7 
88.1 2.01 1.84 8.34 9.31 27.7 30.1 47.3 53.3 
62.0 1.23 1.07 4.72 5.52 18.4 18.7 33.0 36.6 
44.5  0.68  3.46  11.4  23.3 
 
 





Table A.40 and Figure A.40 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 190 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.40 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 9.50 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 26.2 21.0 44.5 40.1 62.6 63.6 84.9 80.7 
125.1 12.6 9.37 24.7 20.0 37.3 39.1 60.5 57.8 
88.1 6.49 4.60 13.5 10.3 25.9 23.0 42.7 37.2 
62.0 3.52 2.47 8.57 5.66 16.5 13.3 26.7 22.1 
44.5  1.51  3.44  8.10  13.2 
 
 






Table A.41 and Figure A.41 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.41 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 6.35 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 20.6 18.9 31.9 31.3 50.0 52.6 75.7 71.0 
125.1 9.69 8.14 17.3 14.8 30.3 29.6 51.9 46.4 
88.1 5.23 3.96 9.77 7.54 17.8 16.5 33.9 28.2 
62.0 2.97 2.14 6.09 4.09 10.6 9.33 20.7 16.5 
44.5  1.31  2.47  5.65  9.97 
 
 






Table A.42 and Figure A.42 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 190 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.42 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 4.75 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 12.3 16.1 41.9 48.2 71.8 75.6 87.0 85.4 
125.1 5.47 6.98 20.9 25.5 48.4 53.2 67.9 72.7 
88.1 3.40 3.41 12.3 13.7 33.1 34.8 52.2 55.6 
62.0 2.10 1.84 8.61 7.60 21.9 21.5 36.4 37.9 
44.5  1.12  4.54  13.2  23.9 
 
 






Table A.43 and Figure A.43 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 190 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.43 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 9.50 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 13.5 9.66 28.2 23.7 46.6 41.9 66.6 60.0 
88.1 5.01 4.06 13.2 10.7 25.4 21.2 36.4 34.5 
62.0 3.35 1.98 4.81 5.30 13.0 10.8 23.0 18.9 
44.5  1.16  3.04  6.14  10.8 
 
 






Table A.44 and Figure A.44 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.44 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 6.35 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 18.9 16.2 28.0 25.2 43.1 39.5 69.0 64.8 
88.1 8.35 7.07 14.3 11.4 23.8 19.9 45.1 39.3 
62.0 4.04 3.47 7.42 5.58 12.2 10.4 26.7 22.2 
44.5  2.02  3.14  6.07  12.9 
 
 






Table A.45 and Figure A.45 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 190 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.45 Measured and predicted product particle size distributions from a vertical 
stirred mill at 190 rpm speed and using 4.75 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 12.1 14.3 33.4 39.6 68.7 69.2 83.2 78.8 
88.1 5.36 5.91 18.1 19.6 45.0 45.1 64.4 62.9 
62.0 3.08 2.77 11.1 9.83 29.2 27.1 48.1 44.3 
44.5  1.56  5.49  16.2  28.5 
 
 






Table A.46 and Figure A.46 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 220 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.46 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 9.50 mm balls for a -595 +420μm feed size 
Time 
(sec) 










































707.4 100. 100. 100. 100. 100. 100. 
499.9 31.1 26.6 68.5 73.6 89.1 87.9 
353.2 15.2 12.3 43.1 49.7 70.2 70.8 
249.7 8.85 6.31 29.3 31.5 54.7 51.0 
176.9 5.21 3.52 20.1 19.4 40.0 34.9 
125.1 2.94 2.08 13.2 11.8 28.2 22.7 
88.1 1.43 1.27 7.29 7.15 18.1 14.3 
62.0 0.88 0.78 3.97 4.31 10.0 8.81 
44.5  0.52  2.73  5.60 
 
 





Table A.47 and Figure A.47 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.47 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 6.35 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 26.3 35.5 44.8 53.6 68.6 75.1 84.8 89.9 
353.2 13.4 17.1 23.6 30.9 43.8 52.0 68.2 74.4 
249.7 8.21 8.94 15.2 17.8 28.0 34.0 52.0 56.7 
176.9 5.46 5.01 10.5 10.5 20.8 21.6 39.8 40.4 
125.1 3.89 2.93 7.33 6.32 15.3 13.5 31.3 27.2 
88.1 2.69 1.77 4.89 3.86 10.5 8.37 21.0 17.6 
62.0 1.64 1.08 3.23 2.36 7.10 5.13 14.0 11.0 
44.5  0.70  1.52  3.27  6.99 
 
 





Table A.48 and Figure A.48 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 220 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table A.48 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 4.75 mm balls for a -595 +420μm feed size 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 14.4 18.6 46.2 52.6 79.9 86.1 91.5 92.7 
353.2 7.15 8.47 27.3 30.1 61.8 68.9 80.4 83.6 
249.7 4.52 4.33 16.5 17.5 47.0 51.5 67.0 70.7 
176.9 3.01 2.46 9.97 10.56 37.1 36.5 56.9 56.0 
125.1 1.99 1.47 6.66 6.45 28.6 24.6 46.5 41.5 
88.1 1.02 0.92 4.82 3.99 20.3 15.9 34.5 28.8 
62.0 0.45 0.58 3.13 2.47 12.1 9.92 23.5 18.7 
44.5  0.38  1.59  6.18  11.8 
 
 





Table A.49 and Figure A.49 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 220 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.49 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 9.50 mm balls for a -420 +297μm feed size 
Time 
(sec) 










































499.9 100. 100. 100. 100. 100. 100. 
353.2 31.4 27.0 62.4 61.3 87.3 86.8 
249.7 15.1 12.5 39.3 36.8 67.7 67.8 
176.9 8.62 6.40 25.0 21.5 50.5 48.2 
125.1 5.02 3.51 16.2 12.5 35.6 31.3 
88.1 3.02 2.05 10.4 7.39 24.9 19.9 
62.0 1.53 1.24 6.11 4.42 15.2 12.0 
44.5  0.80  2.81  7.46 
 
 





Table A.50 and Figure A.50 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.50 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 6.35 mm balls for a -420 +297μm feed size 
Time 
(sec) 























































499.9 100. 100. 100.0 100. 100. 100. 100. 100. 
353.2 26.5 28.0 39.7 43.2 63.4 67.5 85.6 87.3 
249.7 12.6 13.5 22.1 22.8 40.0 43.4 66.2 68.9 
176.9 7.93 7.08 14.1 12.5 27.1 26.5 50.2 49.4 
125.1 5.18 3.93 9.30 7.21 19.0 16.3 37.9 32.9 
88.1 3.29 2.31 6.27 4.31 12.7 9.98 25.6 20.5 
62.0 2.06 1.39 4.05 2.64 7.56 6.06 16.0 12.2 
44.5  0.90  1.72  3.85  7.39 
 
 





Table A.51 and Figure A.51 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 220 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table A.51 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 4.75 mm balls for a -420 +297μm feed size 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 16.6 20.6 47.8 55.2 80.8 81.7 92.7 95.9 
249.7 8.14 9.55 26.7 31.9 62.6 61.2 82.5 87.9 
176.9 4.94 4.92 14.7 18.5 47.4 42.8 72.4 78.5 
125.1 3.29 2.75 9.09 10.9 34.2 28.3 61.5 66.5 
88.1 2.12 1.64 6.24 6.54 22.3 18.0 49.1 51.4 
62.0 1.24 1.02 3.47 3.94 14.3 11.0 35.6 35.2 
44.5  0.67  2.50  6.83  22.4 
 
 





Table A.52 and Figure A.52 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 220 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.52 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 9.50 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 29.7 25.5 50.3 49.5 76.3 69.3 93.8 91.7 
176.9 15.1 11.8 28.9 26.6 50.0 44.2 80.3 79.3 
125.1 7.36 5.87 17.3 14.3 31.4 26.5 65.1 61.6 
88.1 3.83 3.18 10.4 8.02 19.4 15.5 50.0 43.2 
62.0 2.25 1.83 6.29 4.62 11.6 9.11 34.1 27.6 
44.5  1.15  2.87  5.63  17.1 
 
 






Table A.53 and Figure A.53 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.53 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 6.35 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 26.1 26.4 41.1 42.3 65.6 67.2 87.3 87.5 
176.9 12.7 12.3 22.5 22.0 42.0 42.9 68.8 70.4 
125.1 7.41 6.24 13.7 11.7 27.5 25.9 52.3 51.1 
88.1 4.39 3.44 8.39 6.54 17.6 15.3 37.6 34.1 
62.0 2.76 2.01 5.33 3.79 11.4 8.97 26.8 21.2 
44.5  1.28  2.37  5.52  13.0 
 
 





Table A.54 and Figure A.54 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 220 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table A.54 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 4.75 mm balls for a -297 +210μm feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 14.7 19.3 45.7 51.4 83.8 86.8 92.0 93.5 
176.9 7.19 8.31 25.7 29.6 66.5 71.5 80.7 80.2 
125.1 4.31 3.97 15.9 17.1 52.0 53.6 69.3 65.8 
88.1 2.91 2.12 10.2 10.1 39.2 37.1 55.6 49.1 
62.0 1.78 1.22 6.25 6.07 25.8 23.8 39.2 33.0 
44.5  0.77  3.84  14.7  20.8 
 
 





Table A.55 and Figure A.55 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 220 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.55 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 9.50 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 30.3 23.8 40.5 37.8 67.6 60.4 81.7 76.4 
125.1 14.9 10.5 22.0 18.3 43.0 36.0 59.9 52.3 
88.1 7.21 5.20 13.4 9.34 25.3 20.9 40.0 32.7 
62.0 3.34 2.81 7.67 5.02 14.9 11.8 23.7 19.3 
44.5  1.71  3.01  7.17  11.2 
 
 






Table A.56 and Figure A.56 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.56 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 6.35 mm balls for a -210 +150μm feed size 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 23.9 21.8 37.4 36.7 57.8 56.7 81.1 79.2 
125.1 11.2 9.60 19.9 17.9 36.4 32.8 61.9 56.5 
88.1 6.45 4.74 10.8 9.16 22.9 18.5 42.7 36.9 
62.0 3.70 2.58 6.16 4.94 12.7 10.3 28.0 22.4 
44.5  1.59  2.96  6.13  13.6 
 
 






Table A.57 and Figure A.57 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 220 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table A.57 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 4.75 mm balls for a -210 +150μm feed size 
Time 
(sec) 










































249.7 100. 100. 100. 100. 100. 100. 
176.9 15.0 19.0 45.6 51.7 79.2 81.9 
125.1 6.83 8.25 24.3 28.4 58.3 63.2 
88.1 4.41 3.99 14.2 15.6 42.0 44.2 
62.0 2.61 2.13 7.81 8.80 26.7 28.6 
44.5  1.29  5.28  17.5 
 
 






Table A.58 and Figure A.58 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 9.50 mm balls at 220 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.58 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 9.50 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 17.8 12.9 37.0 32.6 53.0 48.3 72.9 68.4 
88.1 7.46 5.42 16.6 15.6 28.6 25.7 49.5 43.0 
62.0 3.67 2.58 10.0 7.94 15.0 13.6 28.9 24.9 
44.5  1.16  4.57  7.80  14.50 
 
 






Table A.59 and Figure A.59 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.59 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 6.35 mm balls for a -150 +105μm feed size 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 17.5 15.4 35.4 32.0 51.5 47.1 69.4 64.4 
88.1 8.12 6.68 18.4 15.3 30.0 25.3 44.4 38.6 
62.0 4.11 3.23 10.0 7.69 16.7 13.4 26.3 21.6 
44.5  1.84  4.38  7.70  12.5 
 
 






Table A.60 and Figure A.60 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time when using 4.75 mm balls at 220 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table A.60 Measured and predicted product particle size distributions from a vertical 
stirred mill at 220 rpm speed and using 4.75 mm balls for a -150 +105μm feed size 
Time 
(sec) 










































176.9 100. 100. 100. 100. 100. 100. 
125.1 13.9 16.3 38.5 43.0 75.6 78.1 
88.1 6.30 7.04 20.8 22.2 53.0 58.2 
62.0 3.13 3.40 11.7 11.7 36.0 38.4 
44.5  1.93  6.73  23.5 
 
 





BOND BALL MILL GRINDING TESTS 
Table B.1 and Figure B.1 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time in a Bond ball mill when using a 
-595 +420μm aggregate feed size.  
Table B.1 Measured and predicted product particle size distributions from a ball mill using a 
-595 +420μm aggregate feed size 




































































707.4 100. 100. 100. 100. 100. 100. 100. 100. 100. 100.
499.9 23.0 23.0 30.7 35.0 48.1 58.2 68.8 76.0 86.5 92.6 
353.2 11.7 10.4 17.5 16.8 29.7 34.4 46.9 53.1 73.6 80.0 
249.7 7.19 5.28 11.4 8.62 19.0 20.0 31.5 34.9 56.9 63.4 
176.9 4.45 2.96 7.49 4.71 12.8 11.8 22.9 22.4 42.9 46.7 
125.1 2.38 1.75 3.76 2.69 8.29 7.11 15.8 14.0 33.7 32.0 
88.1 0.82 1.07 1.38 1.59 5.27 4.31 10.5 8.78 24.8 20.8 
62.0 0.40 0.67 0.58 0.95 2.99 2.63 6.40 5.42 15.3 12.8 
44.5 0.44 0.60 1.69 3.48 8.01 
Figure B.1 Measured (points) and predicted (dotted lines) product particle size distribution  
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Table B.2 and Figure B.2 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time in a Bond ball mill when using a -
420 +297μm aggregate feed size.  
Table B.2 Measured and predicted product particle size distributions from a ball mill using 
a -420 +297μm aggregate feed size 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 23.1 20.8 39.3 39.7 53.6 56.0 76.5 79.3 
249.7 10.2 9.28 19.9 22.6 32.3 32.8 57.6 57.0 
176.9 6.18 4.66 13.2 11.2 22.3 19.1 44.6 38.1 
125.1 3.47 2.56 8.26 6.37 13.0 11.1 29.0 24.2 
88.1 2.14 1.51 5.83 3.76 8.46 6.64 18.4 15.0 
62.0 1.05 0.92 3.10 2.28 5.69 3.99 12.1 9.07 
44.5  0.60  1.47  2.54  5.68 
 
 




Table B.3 and Figure B.3 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time in a Bond ball mill when using a -
297 +210μm aggregate feed size.  
Table B.3 Measured and predicted product particle size distributions from a ball mill using 
a -297 +210μm aggregate feed size 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 22.7 20.8 37.6 35.9 52.1 52.7 72.1 69.9 
176.9 10.7 9.32 19.4 17.6 31.0 30.0 48.1 45.1 
125.1 6.76 4.59 11.9 9.19 20.2 16.8 31.7 27.4 
88.1 3.26 2.49 7.06 5.12 12.0 9.57 20.3 16.2 
62.0 2.11 1.44 4.40 2.99 6.82 5.52 13.0 9.56 
44.5  0.91  1.90  3.41  5.88 
 
 





Table B.4 and Figure B.4 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time in a Bond ball mill when using a -
210 +150μm aggregate feed size.  
Table B.4 Measured and predicted product particle size distributions from a ball mill using 
a -210 +150μm aggregate feed size 
Time 
(sec) 










































249.7 100. 100. 100. 100. 100. 100. 
176.9 12.1 11.7 28.6 28.4 44.0 46.5 
125.1 5.13 4.80 16.4 13.2 25.9 24.6 
88.1 3.57 2.26 9.41 6.71 15.6 13.2 
62.0 2.30 1.21 4.44 3.67 9.26 7.29 
44.5  0.74  2.25  4.37 
 
 





Table B.5 and Figure B.5 show the measured and predicted cumulative percent passing 
product particle size distribution as a function of grinding time in a Bond ball mill when using a -
150 +105μm aggregate feed size.  
Table B.5 Measured and predicted product particle size distributions from a ball mill using 
a -150 +105μm aggregate feed size 
Time 
(sec) 










































176.9 100. 100. 100. 100. 100. 100. 
125.1 6.48 8.52 16.8 20.2 36.2 41.6 
88.1 3.03 3.38 7.34 8.66 19.5 21.3 
62.0 1.26 1.57 3.74 4.17 13.3 11.1 
44.5  0.89  2.39  6.44 
 
 
Figure B.5 Measured (points) and predicted (dotted lines) product particle size distribution  
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APPENDIX C  
PREDICTION OF THE PRODUCT PARTICLE SIZE DISTRIBUTION FROM A 
LABORATORY VERTICAL STIRRED MILL USING A BOND BALL MILL 
Table C.1 and Figure C.1 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table C.1 Product particle size distribution prediction from a vertical stirred mill at 130 rpm 
speed and using 6.35 mm balls for a -595 +420μm feed size by using a ball mill 
Time 
(sec) 




































































707.4 100. 100. 100. 100. 100. 100. 100. 100. 100. 100.
499.9 13.5 18.2 27.9 33.3 48.3 54.5 68.8 74.9 79.9 85.9 
353.2 6.41 7.98 15.0 15.8 26.5 31.2 48.9 51.9 61.5 67.2 
249.7 4.26 3.95 8.74 8.87 16.1 18.6 30.7 33.8 41.7 48.8 
176.9 2.86 2.18 6.28 5.00 11.5 10.9 19.2 22.0 28.3 33.7 
125.1 1.79 1.28 4.41 2.95 8.22 6.57 14.2 13.7 21.1 22.7 
88.1 1.19 0.78 2.91 1.79 5.47 3.99 9.95 8.45 14.7 14.3 
62.0 0.59 0.48 1.83 1.10 3.57 2.44 6.78 5.15 10.3 8.82 




Figure C.1 Measured (points) and predicted (dotted lines) product particle size distribution 
 
Table C.2 and Figure C.2 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table C.2 Product particle size distribution prediction from a vertical stirred mill at 130 
rpm speed and using 6.35 mm balls for a -420 +297μm feed size by using a ball mill 
Time 
(sec) 




































































499.9 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 13.9 16.1 24.0 27.1 42.5 47.0 62.3 66.7 76.7 82.1 
249.7 6.49 6.9 12.3 12.6 23.8 25.3 41.5 42.3 56.2 60.9 
176.9 3.88 3.41 7.47 6.44 15.6 14.0 26.1 25.8 37.9 41.7 
125.1 2.12 1.86 4.99 3.54 10.2 7.95 16.9 15.6 28.4 26.9 
88.1 1.65 1.09 3.24 2.07 6.65 4.67 11.2 9.25 18.5 16.7 
62.0 1.02 0.66 2.10 1.25 3.94 2.80 7.48 5.53 11.2 10.1 





Figure C.2 Measured (points) and predicted (dotted lines) product particle size distribution  
 
Table C.3 and Figure C.3 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table C.3 Product particle size distribution prediction from a vertical stirred mill at 130 
rpm speed and using 6.35 mm balls for a -297 +210μm feed size by using a ball mill 
Time 
(sec) 




































































353.2 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 13.5 13.9 23.3 23.8 38.8 42.2 59.1 61.1 75.6 77.1 
176.9 6.18 5.92 11.9 10.8 20.2 21.9 37.5 36.7 55.1 54.0 
125.1 3.49 2.85 6.65 5.40 12.3 11.6 24.5 21.3 40.0 34.8 
88.1 2.07 1.55 4.02 2.95 7.24 6.50 16.2 12.3 27.9 21.4 
62.0 1.31 0.90 2.74 1.71 4.37 3.77 10.2 7.21 17.1 12.7 





Figure C.3 Measured (points) and predicted (dotted lines) product particle size distribution  
 
Table C.4 and Figure C.4 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table C.4 Product particle size distribution prediction from a vertical stirred mill at 130 
rpm speed and using 6.35 mm balls for a -210 +150μm feed size by using a ball mill 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 12.6 11.7 21.8 20.2 35.8 34.8 56.0 53.1 
125.1 5.79 4.84 11.2 8.83 18.7 16.85 31.5 29.4 
88.1 3.29 2.31 6.08 4.32 10.3 8.64 18.9 16.2 
62.0 1.92 1.25 3.06 2.34 6.47 4.71 10.9 9.05 





Figure C.4 Measured (points) and predicted (dotted lines) product particle size distribution  
 
Table C.5 and Figure C.5 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 130 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table C.5 Product particle size distribution prediction from a vertical stirred mill at 130 
rpm speed and using 6.35 mm balls for a -150 +105μm feed size by using a ball mill 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 11.48 9.65 17.7 15.0 33.3 38.9 54.0 58.1 
88.1 4.84 3.92 7.79 6.30 17.8 19.2 33.2 33.3 
62.0 2.29 1.85 4.18 3.01 10.2 9.82 21.1 18.3 





Figure C.5 Measured (points) and predicted (dotted lines) product particle size distribution  
 
Table C.6 and Figure C.6 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table C.6 Product particle size distribution prediction from a vertical stirred mill at 160 
rpm speed and using 6.35 mm balls for a -595 +420μm feed size by using a ball mill 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 19.0 23.6 34.1 41.6 51.3 62.0 78.7 84.3 
353.2 9.20 10.7 17.8 21.6 30.3 37.9 57.4 64.5 
249.7 5.44 5.42 10.4 11.7 18.3 22.7 40.9 45.5 
176.9 3.89 3.01 7.63 6.70 13.8 13.6 31.9 30.5 
125.1 2.46 1.77 5.17 3.95 9.94 8.23 23.2 19.6 
88.1 1.60 1.08 3.36 2.40 6.71 5.01 15.3 12.2 
62.0 0.83 0.67 1.93 1.48 3.93 3.06 9.01 7.52 




Figure C.6 Measured (points) and predicted (dotted lines) product particle size distribution 
 
Table C.7 and Figure C.7 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table C.7 Product particle size distribution prediction from a vertical stirred mill at 160 
rpm speed and using 6.35 mm balls for a -420 +297μm feed size by using a ball mill 
Time 
(sec) 




































































499.9 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 21.6 24.4 33.9 39.3 54.0 59.4 72.5 79.0 85.1 89.5 
249.7 10.4 11.14 17.7 19.9 32.7 35.3 51.5 56.6 68.8 73.5 
176.9 6.43 5.64 10.7 10.6 21.7 20.6 37.3 37.7 54.5 55.0 
125.1 4.28 3.09 7.15 5.99 15.0 12.1 26.8 23.8 42.4 38.1 
88.1 2.80 1.81 4.78 3.51 9.85 7.19 18.4 14.7 30.5 24.8 
62.0 1.95 1.10 3.21 2.11 6.38 4.31 12.3 8.89 20.9 15.3 





Figure C.7 Measured (points) and predicted (dotted lines) product particle size distribution 
 
Table C.8 and Figure C.8 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table C.8 Product particle size distribution prediction from a vertical stirred mill at 160 
rpm speed and using 6.35 mm balls for a -297 +210μm feed size by using a ball mill 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 22.6 21.2 33.6 32.8 53.7 51.0 72.6 71.9 
176.9 10.6 9.50 16.1 15.9 30.4 28.3 49.0 47.6 
125.1 6.05 4.68 9.36 8.15 18.4 15.6 32.1 29.5 
88.1 3.63 2.55 5.88 4.49 11.3 8.85 20.2 17.7 
62.0 2.15 1.48 3.68 2.60 6.49 5.14 11.7 10.4 





Figure C.8 Measured (points) and predicted (dotted lines) product particle size distribution  
 
Table C.9 and Figure C.9 show the measured (from the laboratory vertical stirred mill) and 
predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table C.9 Product particle size distribution prediction from a vertical stirred mill at 160 
rpm speed and using 6.35 mm balls for a -210 +150μm feed size by using a ball mill 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 17.3 14.8 28.2 25.0 46.4 40.3 67.8 64.1 
125.1 7.47 6.19 14.0 11.3 23.1 20.2 43.9 39.1 
88.1 4.45 2.99 7.58 5.61 13.5 10.6 28.0 22.7 
62.0 2.55 1.61 4.14 3.04 7.47 5.81 16.9 12.9 





Figure C.9 Measured (points) and predicted (dotted lines) product particle size distribution  
 
Table C.10 and Figure C.10 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 160 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table C.10 Product particle size distribution prediction from a vertical stirred mill at 160 
rpm speed and using 6.35 mm balls for a -150 +105μm feed size by using a ball mill 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 15.6 12.6 25.2 21.8 42.3 38.3 56.1 52.2 
88.1 7.01 5.21 11.0 9.51 23.1 18.8 33.4 28.5 
62.0 3.42 2.48 5.17 4.62 11.9 9.59 17.2 15.2 





Figure C.10 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.11 and Figure C.11 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table C.11 Product particle size distribution prediction from a vertical stirred mill at 190 
rpm speed and using 6.35 mm balls for a -595 +420μm feed size by using a ball mill 
Time 
(sec) 




































































707.4 100. 100. 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 25.1 31.2 41.7 49.0 60.0 68.5 81.3 87.6 92.8 94.6 
353.2 12.8 15.0 22.8 27.0 39.0 44.4 60.3 69.8 83.2 85.7 
249.7 6.87 7.79 12.1 15.1 22.7 27.6 43.2 51.2 69.0 71.9 
176.9 4.72 4.38 7.80 8.77 16.3 17.0 32.0 35.3 53.5 55.9 
125.1 3.23 2.57 4.97 5.21 11.2 10.3 23.1 23.1 38.8 40.1 
88.1 1.94 1.57 3.06 3.16 6.63 6.35 16.5 14.6 28.8 27.0 
62.0 1.21 0.96 1.77 1.94 3.76 3.87 10.7 9.01 18.5 17.0 




Figure C.11 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.12 and Figure C.12 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table C.12 Product particle size distribution prediction from a vertical stirred mill at 190 
rpm speed and using 6.35 mm balls for a -420 +297μm feed size by using a ball mill 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 24.7 25.3 41.7 41.1 63.1 63.8 80.9 82.8 
249.7 11.8 11.6 23.3 21.2 40.5 39.4 60.9 61.9 
176.9 7.54 5.90 13.7 11.4 27.6 23.6 46.4 42.7 
125.1 4.85 3.24 8.72 6.42 18.7 14.0 33.7 27.7 
88.1 3.15 1.90 5.11 3.77 12.0 8.39 22.7 17.3 
62.0 1.83 1.15 3.65 2.26 7.06 5.03 15.0 10.5 





Figure C.12 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.13 and Figure C.13 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table C.13 Product particle size distribution prediction from a vertical stirred mill at 190 
rpm speed and using 6.35 mm balls for a -297 +210μm feed size by using a ball mill 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 21.1 19.6 36.1 35.0 59.9 57.3 81.4 79.1 
176.9 10.3 8.71 18.7 17.2 37.3 33.3 59.1 56.6 
125.1 6.01 4.27 11.5 8.91 24.1 18.9 41.0 37.1 
88.1 3.38 2.32 6.97 4.92 13.8 10.9 26.4 23.0 
62.0 2.02 1.35 4.03 2.85 8.22 6.34 16.6 13.8 





Figure C.13 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.14 and Figure C.14 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table C.14 Product particle size distribution prediction from a vertical stirred mill at 190 
rpm speed and using 6.35 mm balls for a -210 +150μm feed size by using a ball mill 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 20.6 18.7 31.9 31.3 50.0 51.9 75.7 71.2 
125.1 9.69 8.09 14.7 14.7 30.3 28.5 51.9 46.5 
88.1 5.23 3.94 7.47 7.47 17.8 15.6 33.9 28.2 
62.0 2.97 2.13 4.06 4.06 10.6 8.71 20.2 16.4 





Figure C.14 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.15 and Figure C.15 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 190 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table C.15 Product particle size distribution prediction from a vertical stirred mill at 190 
rpm speed and using 6.35 mm balls for a -150 +105μm feed size by using a ball mill 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 18.9 15.5 28.0 25.1 43.1 40.8 69.0 63.1 
88.1 8.35 6.54 14.37 11.3 23.8 20.4 45.1 37.8 
62.0 4.04 3.12 7.42 5.54 12.2 10.5 26.7 21.3 





Figure C.15 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.16 and Figure C.16 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -595 +420μm aggregate feed size.  
Table C.16 Product particle size distribution prediction from a vertical stirred mill at 220 
rpm speed and using 6.35 mm balls for a -595 +420μm feed size by using a ball mill 
Time 
(sec) 























































707.4 100. 100. 100. 100. 100. 100. 100. 100. 
499.9 26.3 35.0 44.8 54.2 68.6 75.6 84.8 89.6 
353.2 13.4 17.3 23.6 31.0 43.8 52.5 68.2 73.7 
249.7 8.21 9.12 15.2 17.8 28.0 34.3 52.0 55.5 
176.9 5.46 5.15 10.5 10.4 20.8 21.8 39.8 39.2 
125.1 3.89 3.03 7.33 6.26 15.3 13.5 31.3 26.1 
88.1 2.69 1.84 4.89 3.80 10.5 8.34 21.0 16.7 
62.0 1.64 1.14 3.23 2.33 7.10 5.08 14.0 10.3 




Figure C.16 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.17 and Figure C.17 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -420 +297μm aggregate feed size.  
Table C.17 Product particle size distribution prediction from a vertical stirred mill at 220 
rpm speed and using 6.35 mm balls for a -420 +297μm feed size by using a ball mill 
Time 
(sec) 























































499.9 100. 100. 100. 100. 100. 100. 100. 100. 
353.2 26.5 28.3 39.7 42.5 63.4 67.2 85.6 86.3 
249.7 12.6 13.2 22.1 22.1 40.0 42.8 66.2 67.6 
176.9 7.93 6.82 14.1 12.0 27.1 26.2 50.2 48.5 
125.1 5.18 3.75 9.30 6.75 19.0 15.7 37.9 32.4 
88.1 3.29 2.20 6.27 3.97 12.7 9.44 25.6 20.6 
62.0 2.06 1.33 4.05 2.38 7.56 5.66 16.0 12.6 





Figure C.17 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.18 and Figure C.18 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -297 +210μm aggregate feed size.  
Table C.18 Product particle size distribution prediction from a vertical stirred mill at 220 
rpm speed and using 6.35 mm balls for a -297 +210μm feed size by using a ball mill 
Time 
(sec) 























































353.2 100. 100. 100. 100. 100. 100. 100. 100. 
249.7 26.1 26.5 41.1 42.6 65.6 67.4 87.3 86.5 
176.9 12.7 12.3 22.5 22.1 42.0 42.8 68.5 68.3 
125.1 7.41 6.17 13.7 11.8 27.5 25.8 52.3 48.7 
88.1 4.39 3.38 8.39 6.59 17.6 15.2 37.6 32.8 
62.0 2.76 1.96 5.33 3.82 11.4 8.95 26.8 19.8 





Figure C.18 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.19 and Figure C.19 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -210 +150μm aggregate feed size.  
Table C.19 Product particle size distribution prediction from a vertical stirred mill at 220 
rpm speed and using 6.35 mm balls for a -210 +150μm feed size by using a ball mill 
Time 
(sec) 























































249.7 100. 100. 100. 100. 100. 100. 100. 100. 
176.9 23.9 22.6 37.4 37.0 57.8 55.8 81.1 77.5 
125.1 11.2 10.0 19.9 18.2 36.4 31.6 61.9 54.1 
88.1 6.45 4.96 10.8 9.40 22.9 17.6 42.7 34.5 
62.0 3.70 2.68 6.16 5.14 12.7 9.90 28.0 20.7 





Figure C.19 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
Table C.20 and Figure C.20 show the measured (from the laboratory vertical stirred mill) 
and predicted (using the breakage parameters collected in a ball mill) cumulative percent passing 
product particle size distribution as a function of grinding time when using 6.35 mm balls at 220 
rpm stirrer speed for a -150 +105μm aggregate feed size.  
Table C.20 Product particle size distribution prediction from a vertical stirred mill at 220 
rpm speed and using 6.35 mm balls for a -150 +105μm feed size by using a ball mill 
Time 
(sec) 























































176.9 100. 100. 100. 100. 100. 100. 100. 100. 
125.1 17.5 15.3 35.4 31.4 51.5 46.5 69.4 66.4 
88.1 8.12 6.48 18.4 14.7 30.0 24.2 44.4 41.0 
62.0 4.11 3.10 10.0 7.33 16.7 12.7 26.3 23.5 





Figure C.20 Measured (points) and predicted (dotted lines) product particle size 
distribution 
 
 
 
 
 
